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Abstract
Abstract
Recent technological advances and standardization has led to the large scale adoption of 
personal mobile communications. Within years global personal communications will be 
provided by non-geostationary satellites. These satellite systems will complement the 
terrestrial mobile network coverage to provide one complete global network. Mobility 
management is a key issue in any personal communications network. Furthermore, the 
seamless integration between satellite and terrestrial systems will play a major role in the 
adoption of satellite personal communications. This thesis focuses on the optimization of 
mobility management procedures in an integrated satellite and GSM personal 
communication network.
The coverage and mobile channel properties of first generation non-geostationaiy 
constellation proposals are analyzed (these being Globalstar, ICO and Iridium). A new 
LEO satellite constellation is proposed that has a similar number of satellites as 
Globalstar and hidium but provides superior levels of satellite visibility over its service 
area.
In order to overcome the problem of location area definition in a non-geostationary 
satellite constellation, two techniques are presented. Subsequently, the paging and 
location update signalling loads for each scheme are evaluated and optimized particularly 
in the urban and highway environments. These results are combined to arrive at the 
optimum location area size for each method of location area definition.
A further problem caused by the motion of satellites is defining the service area of a 
gateway earth station. A previously proposed scheme is presented and its restrictions and 
implications discussed. Subsequently, a new scheme is proposed based on the highest 
satellite connectivity. This scheme is then combined with the optimized location area 
definition identified previously. Finally, issues associated with the integration of the two 
optimized schemes with the GSM system are presented.
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Chapter 1 Introduction
CHAPTER 1
Introduction
1.1 Background
Since the operation of the GSM (Global System for Mobile communications) system 
standards in 1992 a diamatic increase in demand for personal mobile telephone services 
has been seen. The GSM system was initially a pan-European system, but in recent years 
countries such as Australia, South Africa, and America to name but a few are adopting the 
standard. The result is a world wide mobile communications network where users can 
roam seamlessly from one mobile network to another in a different country using the 
same terminal equipment and reachable on one universal telephone number.
Demand for mobile services to areas of the world not currently covered by terrestrial 
networks is also on the increase. Non-geostationary satellites have been proposed to 
complement the terrestrial GSM networks coverage. These satellites do not suffer from 
delay, power attenuation and reduced visibility at high latitudes to the same degree as 
satellites at the geostationary altitude. At present there are three proposed satellite 
systems, Globalstar, Iridium and ICO Global.
Each of the proposed systems intends to deliver a dual mode terminal capable of using 
both terrestrial GSM systems and a satellite system. Furthermore, the unification of all 
terrestrial and satellite personal communication networks has been envisaged with the 
Future Public Land Mobile Telecommunications System (FPLMTS in ITU) and the 
Universal Mobile Telecommunications System (UMTS in ETSI).
1.2 Motivation
Mobility management is the core of any personal communications network. It allows 
users with one telephone number to move within a given network and across networks,
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while still forwarding calls to the user when required. The tracking of users is a major 
source of cost and complexity in a mobile network. While roaming within a network 
mobile terminals continually update their position to the network without the need for any 
user interaction. When a call arrives, the network uses the information from the last 
position update to alert the user. As the rate of the updates increases, the area over which 
the network must search for the mobile decreases, and vice-versa. Subsequently, a trade­
off exists within all mobile networks between the effort expended in updating the position 
of a user and the effort expended in searching for the user when a call arrives. The 
minimum effort can be achieved by careful determination of the rate at which mobile 
must update their position within the network. The effort required is the sum of many of 
the functions invoked within the network by position updating and call forwarding e.g. 
bandwidth required, database load etc. From the network operators’ point of view, it is 
very important to minimize this effort since at present users are not charged for the 
signalling they generate due to their movement within the network.
In satellite mobile communication networks the same is also true, however the emphasis 
placed on different functions with the network defining the effort is substantially 
different. In satellite communications the two most precious resources are satellite power 
and bandwidth. These can be minimized by reducing the volume of data that is exchanged 
via the satellite between the network and the mobile terminal. Therefore, the main focus 
of this thesis is to determine an optimized method of tracking users that results in the 
minimum amount of data being exchanged between the network and the mobile terminal.
The GSM system has standardized network entities and mobility management techniques 
that have played a major part in its worldwide adoption. Integration of optimized satellite 
mobility management techniques into the GSM standards is of prime importance to the 
wide scale adoption of mobile satellite communications.
1.3 Structure of thesis
Figure 1-1 shows the main links between the chapters in this thesis.
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Figure 1-1 Structure of thesis
Chapter 2 introduces non-geostationary satellite constellations. The two main methods of 
designing these constellations and the current S-PCN constellation proposals arising from 
them are discussed. The coverage statistics of these satellite constellations are presented 
and discussed. The properties associated with multi-spotbeam antennas are also 
introduced in this chapter and the two types of spotbeam model used in this thesis are 
introduced and examples given. This chapter ends with the specification of a new satellite 
constellation called Deligo. Deligo has been designed using recommendations from the 
SAINT study and other outputs from research into non-geostationary S-PCN. A 
comparison of coverage statistics between Deligo and two other low earth orbit 
constellations proposed for S-PCN is made.
Chapter 3 reviews the GSM network architecture. The function of each network entity is 
explained and the signalling channels between the mobile terminal and network are 
presented and their functions also explained. The method by which the GSM system 
tracks a mobile terminal’s movement within the network is presented. Subsequently, the 
technique used by the GSM system to forward a user terminated call to the mobile 
terminal is discussed. The ground segment of an S-PCN is introduced, and a functionality 
split between the network entities given and explained. This identifies the equivalence
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between GSM network entities and satellite network entities which subsequently aids 
with the selection of an appropriate integration scenario between satellite and GSM.
Two candidate methods of location tracking are described. These location tracking 
techniques are required as the GSM method cannot be directly applied to non- 
geostationary S-PCN because the motion of the satellites induces inefficient signalling.
Chapter 4 presents the mobile satellite fading channel. The Eb/No required for various 
levels of Bit Error Rate (BER) performance are given for two example satellite 
constellations. The two satellite constellations used as an example provide satellite 
diversity to improve the availability of service. Subsequently, a four state Markov model 
is presented that models the state of two mobile satellite channels given the correlation 
between them. To this end fish eye images were taken and blockage and correlation 
statistics extracted from them. The performance of the two satellite constellations is 
presented based on the extracted data.
Chapter 5 deals with paging signalling. The sources of paging redundancy in non- 
geostationary S-PCN systems are highlighted and two techniques to reduce this 
redundancy are presented. The first method seeks to remove spotbeam paging redundancy 
by the creation of virtual paging cells, to calculate the probability of paging success 
through a given spotbeam. Thus the application of a spotbeam probability threshold is 
applied to identify which spotbeams are used in the first step of a two step paging process. 
Secondly, satellite selection techniques for paging are proposed and optimized for the 
fading channels presented in Chapter 4.
Chapter 6 examines the location update signalling load. A modified version of the GSM 
location update signalling exchange is used as an example. Due to the long propagation 
delays and severity of the mobile satellite channel the Selective Reject Transmission 
protocol is used to improve performance. Based on the location updating delays, a 
suitable set of parameters are selected and the overall location update signalling load on 
the air interface is established. These results are combined with results from the previous 
chapter to arrive at the optimum location area size for the dynamic location area and fixed 
location area mobility management techniques.
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Chapter 7 investigates the problem of call routing in a dynamic satellite personal 
communications network. A previously proposed scheme is presented, and its limitations 
highlighted. A new definition of a Fixed Earth Station (FES) service area based on highest 
satellite connectivity is made. In-call FES handover rates are evaluated for a range of 
distances from FES at various latitudes. A method of determining the probability of a 
future in-call FES handover at location updating time is presented, based on the dynamic 
location area scheme. Subsequently, the variation in size of the area around an FES where 
location updating results in a probability of no future in-call FES handover being above a 
range of thresholds is given. Finally, integration of these call routing and mobility 
management technique into the GSM network using the preferred integration scenario is 
analysed.
1.4 Original achievements
The original achievements obtained during this research are briefly outlined below;
1. The design and optimisation of the Deligo satellite constellation. Deligo is a 100% 
dual satellite visibility LEO constellation at a minimum elevation angle of 15°, with a 
repetitive ground track that contains a similar number of satellites as current LEO S- 
PCN proposals.
2. Evaluation of blockage and correlation statistics of two first generation constellation 
proposals based on fish eye images. The data extracted from the fish eye images gives 
a comparison between the expected constellation performance in European cities and 
North American cities similar to downtown Los Angeles.
3. A novel technique for reducing the paging redundancy in S-PCN systems 
implementing multi-spotbeam antennas. This technique, Spotbeam Probability 
Threshold (SPT), can significantly reduce the paging load without excessively 
increasing the paging delay.
4. Optimization of paging in S-PCN systems based on the fading channel. The paging 
retry time is determined by studying the characteristics of the satellite constellation 
and the shadowing environment. Furthermore, the performance satellite paging
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selection techniques that result in reasonable trade off between paging delay and load 
have been analyzed.
5. A comparison between the fixed cell location and dynamic location area update rate 
based on the call position update model.
6. Evaluation of the layer 2 location update signalling delay and load on the air interface 
using the SRT algorithm. The layer 3 signalling exchange is based on the modified 
GSM location update signalling exchange.
7. Optimization of the location area radius for both the fixed cell and dynamic location 
area methods in different shadowing environments that results in the minimum 
number of bursts being transmitted on the air interface for a user with a given mobility 
and call arrival rate. Hence demonstrating the circumstances when the fixed cell 
location tracking technique results in a higher signalling load than the dynamic 
location area.
8. Introduction of a new definition of FES service area in a non-geostationary S-PCN. 
Hence presenting the shortcomings of a previously proposed scheme. Integration of 
the service area definition with the optimized dynamic location area position tracking 
strategy to result in a call routing algorithm that can be integrated with the GSM 
system using the preferred integration scenario.
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CHAPTER 2
Non-Geostatlonary Satellite Constellations
2.1 Introduction
Currently the most popular and well known type of satellite orbit is the geostationary 
orbit. Satellites at the geostationary altitude orbit the earth at the same rate at which the 
earth rotates. This results in the satellites appearing in a fixed position in the sky relative 
to a point on the earth’s surface. This unique property makes these satellites suited to 
wide area broadcast communications due to the very large coverage area (i.e. typically 
30% of the earth’s surface) and simple design of terminal antennas. However, as GEO 
satellites are at an altitude of approximately 36,000 km above the earth’s surface, long 
propagation delays and high signal attenuation due to free space loss are unavoidable. 
Furthermore, as the satellites aie located above the equator, at higher latitudes visibility to 
a GEO satellite decreases. These three factors make GEO satellites less suitable for 
personal mobile communications. Furthermore, GEO satellites cannot provide complete 
global coverage. Lower satellite altitudes, such as MEO (10,000-12,000km) and LEO 
(500 - 2000 km) do not suffer from these problems to the same degree. The main 
drawback of using the MEO and LEO orbit is the increased number of satellites required 
to cover the earth above a given minimum elevation angle (0) shown in Figure 2-1 due to 
the reduced coverage area as shown in Figure 2-2. The coverage area of a satellite is 
linked to the earth centred half angle of coverage by;
Area of coverage = 2/zRg (l -  cos(J5)) (2.1-1)
A further complication in system design is caused by the fact that LEO and MEO 
satellites move relative to the surface of the earth which leads to more sophisticated 
terminal antennas and unavoidable satellite handovers.
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Rg = Earth radius -  6378km
h = Satellite altitude (km),
b = Earth centred angle of
coverage, 
s = Slant range from earth
to satellite.
0 =  Minimum elevation
angle from satellite 
to earth.
Figure 2-1 Satellite altitude, elevation angle and footprint size relation
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Figure 2-2 Percentage of earth’s  surface coverage vs altitude and mln. elev. angle
Due to the increase in system cost with increasing satellite numbers a significant amount 
of research has been devoted to constellation design methods that cover the earth using 
the minimum number of satellites. The result of this reseaich has seen two main types of 
satellite constellation design method identified, these are the streets of coverage and 
satellite triad techniques. Before describing these design methods and S-PCN 
constellation proposals arising from them, the remaining parameters (i.e. excluding the 
altitude and minimum elevation angle) required to completely describe the structure of a 
satellite constellation are outlined.
Advanced Mobility Management Techniques for Satellite Mobile Communication Systems
Chapter 2 Non Geostationary Satellite Constellations
2.2 Consteliation Structure
Non-GEO satellite constellations containing N satellites typically consist of P orbital 
planes each with N/P satellites. Shown in Figure 2-3 are the parameters required to 
described a circular^ satellite constellation. The figure shows two orbital planes each 
containing four satellites.
Subsatellite point 
of the second 
satellite in the 
first orbital plane2-a
1-c
Vernal
Equinox 1-a
Equator
f  2-c
1-d. 2-d
Figure 2-3 Satellite constellation structure
Q. : represents the Right Angle of the Ascending Node (RAAN). The RAAN is the angle 
from the Vernal Equinox to the ascending node. The ascending node is the point 
where a satellite passes from the equatorial plane moving from south to north. For a 
constellation containing P orbital planes the RAAN between adjacent planes can be 
given by either;
A n  = 3 % (2.1-2)
or
A n  = (2.1-3)
* Additional parameters are required to define elliptical orbits, however these are not discussed in this thesis 
see [WER91] for further details
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depending on the design of the constellation (see later).
T : represents the earth centred angle between satellites in the same plane. For a 
constellation plane containing Q satellites Y is equal to 360/Q.
i : represents the inclination angle of the orbital plane. The constellations considered in 
this thesis have the same inclination angles for all orbital planes. The inclination angle 
determines how high in latitude (when the equator is used as the reference plane) the 
orbital planes travel as the maximum latitude reached by satellite in an orbital plane 
corresponds directly to the inclination angle of the plane. With inclined orbits the 
inclination angle can be optimised to provide better coverage over certain latitude 
regions. When the inclination angle of an orbit is less than 90° it is called a pro-grade 
orbit. Orbits with inclination angles less than 90° are retro-grade orbits. When a 
satellite is in an orbit inclined at 90° it is said to be in a polar orbit.
0 : represents the inter plane phasing angle and is referred to as the Mean Anomaly (MA). 
This angle determines the degree to which adjacent planes in a constellation have been 
advanced or retarded relative to each other. The inter plane phasing angle influences 
the initial distribution of satellites over the sphere and can be optimised to provide 
better coverage.
2,3 Streets of coverage approach
The streets of coverage technique was first proposed by Luders in [LUD61] to achieve 
single global coverage. The streets of coverage technique ensures n-fold satellite coverage 
by calculating the width of the area under each plane where n satellites from that plane are 
visible. Rider optimised this design technique and applied it to both inclined and polar 
orbits in [RBD85] and [RID86], although it nearly always applied to the polar orbit. Figure
2-4 shows how the plane coverage width c is calculated depending on the level of satellite 
coverage required.
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Figure 2-4 Coverage from adjacent satellites in sam e orbital plane
The greatest distance between planes in a constellation occurs at the equator. Therefore 
for constant simultaneous visibility of j satellites in a single polar orbit containing Q 
symmetrically distributed satellites then the relationship between Cj, p, and s is given by;
Cj = cos-1 cos(d)
COS
(2 .2- 1)
A convenient way of realising a constellation with the property of visibility to at least j 
satellites is to separate the RAAN of the planes by an angular distance equal to 2cj.
Overlap between adjacent planes in the constellation can be exploited [ADAS6] in order 
to increase the angular separation orbital planes (resulting in a reduction in the number of 
required satellites).
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Constellations designed using this approach have their orbital planes spaced such that AQ 
is given by equation 2.1-3. Although the number of satellites required to give a level of 
coverage is reduced, planes must travel in the same direction therefore requiring more 
accurate station keeping to ensure correct alignment with adjacent satellite planes. The 
Iridium system[ARM96] uses such a satellite constellation. It contains 66 satellites at an 
altitude of 780km. The 66 satellites are distributed evenly in 6 orbital planes inclined at 
86°, with MA of -16.36°. resulting in a minimum elevation angle of 8.2° to ensure global 
coverage. Figure 2-6 shows a snapshot of the Iridium satellite constellation coverage.
Figure 2-6 Iridium satellite constellation
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Figure 2-7 shows the variation of satellite visibility with latitude in the Iridium system at a 
minimum elevation angle of 8.2°. As can be seen from the graph the number of satellites 
visible above the minimum elevation angle increases with latitude. This is due to the fact 
that the distance between orbital planes reduces with increasing latitude resulting in 
dramatically varying levels of satellite visibility.
1
80 1 satellite |
2 satellites :
3 satellites i70
I
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20
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Figure 2-7 Iridium satellite diversity vs latitude^
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Figure 2-8 Iridium mean elevation angles Figure 2-9 Iridium minimum elevation angles
 ^Note due to the symmetry of the constellations presented in this thesis, results corresponding to latitudes 
less than 0° are the mirror of those at latitudes greater than 0° (e.g. -10° is equivalent to +10° latitude)
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Figure 2-8 and Figure 2-9 show the mean and minimum elevation angles of the first and 
second highest satellite in the Iridium constellation. Again, the elevation angles of the 
satellites increase dramatically in the polar regions. The slight drop off in elevation 
statistics near 90° is due to the fact that the constellation is inclined at 86° and not 90°.
The Mdium constellation implements inter-satellite links allowing messages to be routed 
directly from one satellite to the next. This differs from other constellation proposals 
discussed in this thesis where satellites act as a simple relay between the mobile terminal 
and a Fixed Earth Station (FES), therefore requiring that at any one time a satellite must 
cover an FES. The Iridium orbit is particularly suited to the implementation of inter­
satellite links due to the fact that inter plane dynamics aie relatively low.
2A  Sateliite triad
The satellite triad constellation design technique differs from the streets of coverage 
method in that coverage is not evaluated on an individual plane by plane basis. This 
method of evaluating the constellation performance allows coverage to come from 
satellites in different planes over time, thus constellations resulting from this design 
approach have planes that do not necessarily provide continuous coverage.
I Worst case 
observation 
\  point ___
Figure 2-10 Equidistant satellite triad
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Figure 2-10 shows the worst possible observation point in a spherical triangle formed by 
joining three subsatellite points (i,j,k). A satellite constellation providing usable coverage 
to a range R < Ryk where R is the radius of a satellite’s coverage, leaves the midpoint of 
the triangle uncovered and therefore fails the test of complete global coverage.
Ballard later revisited and extended Walkers’ work based on a more mathematical 
analysis [BAL80]. Ballard introduced the notation (N,P,m) which is used to designate a 
constellation having a total of N satellites, in P orbital planes, and with a harmonic factor 
m. If m is a simple integer a constellation having one satellite in each of N planes is being 
referred to. If m is an unreduced ratio of integers, a constellation having Q satellites in 
each of P planes is being referred to, where Q is the denominator of m. The mean 
anomaly is given by;
MA =_ f m-Q-360j (2.4-1)
The ICO system [ICO 10] uses a satellite constellation very similar to one identified in 
[WAL77]. The ICO constellation is a Medium Earth Orbit (MEO) constellation at an 
altitude of 10,355km. Ten satellites are distributed evenly in two planes inclined at 45° as 
shown in Figure 2-11. The MA is 0° (or any integer multiple of 72°) with a minimum 
elevation angle of 10° to the mobile terminal and 5° to FES. Using Ballard’s notation the 
constellation structure is specified as (10,2,2/5).
Figure 2-11 ICO satellite constellation
Figure 2-12 shows the variation in the level of satellite visibility offered by the 
constellation with latitude. It can be seen that one satellite is visible all of the time at any
I'' ' 15
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latitude and two satellites are visible for a large percentage of the time depending on the 
latitude.
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Figure 2-12 ICO Satellite visibility performance (minimum elevation of 10°)
Figure 2-13 and Figure 2-14 show the mean and minimum elevation angles of the highest 
and second highest satellites in the ICO constellation.
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Figure 2-13 ICO mean elevation angles Figure 2-14 ICO minimum elevation angles
Due to the orbit planes being inclined at 45° the elevation angle statistics peak around the 
corresponding latitude region.
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Another constellation that can be described as a Ballard or Walker like orbit is the 
Globalstar constellation [DIE97]. This satellite constellation contains 48 satellites 
distributed evenly among 8 orbital planes each inclined at 52° at an altitude of -1 4 10km 
with a MA of 7.5°, and a minimum elevation angle of 10° to the mobile terminal and 
FES. Using Ballard’s notation this constellation structure is described by (48,8,1/6).
Figure 2-15 Globalstar satellite constellation
The Globalstar constellation is not a strict Walker or Ballard like constellation, as shown 
in Figure 2-16, complete global coverage via at least one satellite is not provided.
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Figure 2-16 Globalstar satellite visibility performance vs latitude
The Globalstar constellation offers 100% dual satellite visibility between 25° and 50° 
latitude. Below this latitude range, in the equatorial regions, dual satellite diversity still
17
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remains high at over 83%. This satellite constellation is a good example of how an orbit 
can be optimised to cover areas of the globe where traffic is expected is be high.
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Figure 2-17 Globalstar mean elevation angles Figure 2-18 Globalstar minimum elevation 
angles
Figure 2-17 and Figure 2-18 show the mean and minimum elevation angles of the second 
highest satellite in the Globalstar constellation. Again, the elevation angle statistics peak 
around the latitude corresponding to the inclination angle of the constellation.
2.5 Spotbeams
Satellite PCN constellations implement multi-beam antennas to provide an increased gain 
to the mobile terminal and to re-use frequencies on each satellite thereby increasing the 
overall capacity of the system. Spotbeams are normally arranged in hexagonal rings. The 
number of spotbeams in an array consisting of n rings is given by;
Nc =1-1- 6n(n -I-1) 2
(2.4-1)
The selection of the number of spotbeams is governed by the gain required by the satellite 
in order to close the link margin to the mobile terminal. The satellite antenna beam width 
0 (the angle across the spotbeam where the gain is within 3dB of the peak gain) is 
inversely proportional to the antenna diameter. 0 can be approximated by the following 
empirical relationship;
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~ 21 (2.4-2)
fd
Where f  is the carrier frequency in GHz and d is the antenna diameter in m. The gain of a 
circular spotbeam can be approximated by [W ER 9lf ;
G « 44.3- 101og(if) (2A-3)
Gain calculated using this equation is generally accurate to within 25% for beams widths 
less than 150°. The following equation can be used to estimate the reduction from peak 
gain, Lg, in dB caused by a pointing offset from the beam centre ;
Where 0 is the half power beam width and e is the pointing error, both given in degrees.
2.5.1 Spotbeam models
Due to the large variation in distance from the satellite to areas in its coverage area, the 
size and shape of spotbeams with equal beam widths become distorted when projected 
onto the surface of the earth as shown in Figure 2-20.
The distortion can be corrected by varying the beam widths of the spotbeams such that the 
size and shape of all spotbeams on the earth is equal. This is achieved by decreasing the 
beam width of spotbeams in the outer rings of the spotbeam array as shown in Figure 2- 
19. This results in the outer spotbeams having a higher gain which can compensate for the 
additional free space loss in outer spotbeams.
Assuming an antenna efficiency T| of 0.55
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Figure 2-19 Spotbeam size compensation Figure 2-20 Spotbeam distortion
Shown in Figure 2-21 are examples of 7 rings of beam-formed and distorted spotbeams. 
The beam-formed pattern(a) on the left begins to distort at the edge of the satellite 
footprint, this is due to the fact that it is impossible to uniformly coverage the surface of a 
sphere with equal sized hexagons.
Figure 2-21 Beam formed and distorted spotbeam projection from a ICO satellite
The distorted spotbeam pattern(b) on the right, is the one implemented in the ICO system. 
The beam formed pattern is useful in analysis as the equal size spotbeams can simplify 
mathematical solutions to problems involving multiple spotbeams. The geometrical 
methods and equations used to create the spotbeam models are variants of those presented 
in [SAM93].
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Figure 2-22 Approximate Globalstar spotbeam model 
Figure 2-22 shows the approximate Globalstar spotbeam model used in later chapters.
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Figure 2-23 Delay variation within ICO 
spotbeam s
Figure 2-24 Elevation variation within ICO 
spotbeam s
Shown in Figure 2-23 and Figure 2-24 are the variations in delay and elevation angle 
respectively within each of the spotbeams on an ICO satellite. The delays and elevation 
angles are not equal within spotbeam tiers due to the hexagonal configuration. These 
figures are used in later chapters when evaluating delays and Eb/No requirements.
2.6 Deligo^
Two of the most dominant factors affecting the quality of S-PCN services are the 
elevation angles of the satellite constellation and the availability of satellite diversity. In
Deligo is from the latin ‘I choose’
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Chapter 4 the channel impairments (i.e. blockage and multi-path fading) are shown to 
decrease at higher elevation angles. Two of the constellations discussed so far in this 
chapter offer varying levels of dual satellite visibility to increase the availability and 
quality of service delivered to users. Using these constellations as a basis and also 
considering recommendations from [SAIDl] and [SAID 12], a novel LEO constellation 
for Global Mobile/Personal Satellite Communications is presented [MBE95/1] 
[MEE95/2]. This new constellation, Deligo, seeks to offer a higher quality and availability 
of service to mobile users and offers a simplified system design compared with that of 
currently proposed LEO S-PCN constellations such as Globalstar and Iridium. Deligo still 
remains competitive with the current S-PCN LEO constellation proposals in terms of the 
number of satellites in its orbit. The Deligo constellation has a repetitive ground track 
property that can simplify networking in terms of routing, resource and mobility 
management for such non-GEO dynamic satellite constellations [CUL95]. One of the most 
important properties that Deligo offers is guaranteed 100% dual satellite visibility at a 
minimum elevation angle of 15° between the latitudes of +62° and -62°, resulting in a 
high quality and availability of service to mobile users. This property, amongst others 
makes Deligo applicable to both CDMA and TDM A access schemes. In the following 
sections the coverage properties of Deligo are compared directly with those of the 
Globalstar and Iridium constellations. The properties of the Deligo constellation make it a 
good candidate for the satellite component in third generation personal communication 
networks such as FPLMTS and UMTS.
2.6.1 Constellation Description and Constraints
As stated above, Deligo is a LEO constellation. This type of constellation was favoured 
over the MEO and GEO orbit for two main reasons. Firstly, as the quality of voice and 
other multimedia services are highly susceptible to delay, minimising the 'delay by 
choosing a lower orbit altitude than MEO and GEO was considered important. Secondly 
as LEO satellites are considerably closer to the earth’s surface than MEO and GEO 
satellites, less power is required from the mobile terminal to maintain a satellite channel. 
With the restriction that Deligo should be a LEO orbit an altitude of 1627km was 
calculated (see below) to satisfy the repetitive ground track feature. At this altitude 64 
satellites in eight symmetrical planes inclined at 54°, was found to have properties
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suitable for S-PCN applications ( (64,8,7/8) using Ballard’s notation). The inclination 
angle was selected as a trade-off between coverage at lower latitude and higher latitude 
regions. It was initially proposed (using recommendations from [SAID 12] and [SAIDl] as 
guidelines) that Deligo should provide 100% dual satellite visibility above a minimum 
elevation angle of 15° between ±70° latitude, however, given the restriction in the number 
of satellites and altitude this was not possible [MEE94]. It is of course possible to attain 
impressive coverage statistics by using a larger number of satellites, however as the 
number of satellites used in the S-PCN constellation increases so does the overall cost, 
making the system as a whole less economically viable. Using a similar number of 
satellites as current LEO S-PCN constellations proposals and at the same time providing 
better coverage, makes the constellation suitable for a next generation S-PCN system that 
provides better quality and availability of service at an acceptable increase in system cost.
2.6.2 Repetitive Ground Track
A resonant or repetitive ground track constellation is one whose orbit time is an integer 
division of a sidereal day (the time it takes the earth to rotate exactly 360°, approx. 1436 
minutes). The time taken for a satellite to orbit the earth at a given altitude is;
T‘P 1,33135 J
15 (2 .6 .2- 1)
Where Re is the earth radius and h is the satellite’s distance from the centre of the earth in 
kilometers. Table 2-1 below lists three resonant LEO altitudes that are all below the Van 
Allen Radiation belt at 2000km[MAR91]. Note, constellations whose repeat period is 
longer than one day were not considered.
Altitude (km) Number of orbits per 
sidereal day
877 14
1,248 13
1,666 12
Table 2-1 Resonant LEO altitudes
The highest of these altitudes was selected in order to maximise the coverage from each 
satellite given the restriction that the orbit must be LEO. However, the non-spherical 
nature of the earth causes precession of the Right Ascension of the Ascending Node
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(RAAN), resulting in a non-repetitive ground track. Every day the RAAN would process 
around the equator by some given angle , therefore satellites in the orbit would not
appear at the same point overhead every sidereal day as strictly defined by resonance. This 
precession could be counteracted by the use of station keeping techniques on board each 
satellite, however this problem can be solved by compensating for RAAN precession in 
the orbit altitude. The expression for RAAN precession for a given altitude h and 
inclination angle i is shown below;
Qe = -9.95 R.yRg + h
(2.6.2-2)
In one orbit the RAAN will precess by Qe/n, where n is the number of orbits per day. The 
Earth Bulge precession effect causes the orbit planes to move in a east^w est direction, 
the earth rotates west to east as shown in Figure 2-25.
O rb ita l n ode p rccesscs against 
d itcc tion  o f  earth  rotation
Figure 2-25 Direction of Jg[WER91] Precession
Therefore the time a satellite has to get back to its starting point after twelve orbits has 
been reduced. In conclusion, the precession effect can be counteracted by lowering the 
orbit height, giving a new shorter orbit time ti. The act of altering the period itself 
changes the precession, so an optimisation problem is presented. The expression for 
RAAN precession can be incorporated into the equation for a resonant orbit. The
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expression for calculating the altitude a of a constellation of inclination i with a repetitive 
ground track after orbits, is shown below;
360
N
360 f Re + h 2^ 1,331.25 )
1436 +
9.95 Rg + h
1440
(2.6.2-3)
A satellite with a repetitive ground track will orbit over the exact same points of the earth, 
but will not appear at the same point at exactly the same time every day. This means that 
networking aspects which can be repeated at the same time every day in a resonant system 
must now occur a little earlier every day, but with a known time advance.
Although there are other RAAN perturbing forces caused by the sun and moon, only the 
earth’s oblateness was considered as this is by far the most significant. However, other 
RAAN perturbing forces can also be considered in the orbit altitude calculation. Solving 
equation (2.6.2-3) for N=12 results in an altitude of 1627km.
2.6.3 Diversity Statistics
The satellite diversity statistics for Deligo are shown in Figure 2-26 at a minimum 
elevation angle of 15°. It is clear from the graph that Deligo provides dual satellite 
visibility within +/- 62° latitude.
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Figure 2-26 Deligo satellite visibility statistics
Although dual diversity is not guaranteed outside of this region, the average occurrence 
rate is still high at 72% between 62° and 75° latitude. Three satellite visibility is also 
prevalent in the smaller latitude region of 33° to 50°. Although triple satellite diversity is 
not guaranteed outside of this region, three satellites are visible an average 54% of the 
time between the latitudes of 0° and 33°. It can be seen from the graph that Deligo 
provides superior satellite diversity (at an increased minimum elevation angle of 15°), 
particularly in the lower latitude regions. Figure 2-27 shows for comparison purposes the 
diversity statistics for the Globalstai' constellation with a minimum elevation angle of 15°. 
Globalstar still provides good coverage at latitudes corresponding to its inclination angle 
(52°). Coverage however falls rapidly after 60°, this is expected with a low orbit 
inclination angle.
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The graph shown in Figure 2-28 gives Iridium’s diversity statistics at an increased 
elevation angle of 15°. Both Deligo and Globalstar provide much higher satellite diversity 
up to approximately 60° latitude. Due to Iridium being a near polar orbit satellite diversity 
is greater in higher latitude regions (>60°).
2.6.4 Mean Elevation Angles
Shown in Figure 2-29 is a comparison of Deligo and Globalstar mean elevation angles.
Figure 2-29 Deligo and Globalstar mean Figure 2-30 Deligo and Iridium mean elevation 
elevation angles angles
From the graph it is clear that Deligo’s first and second highest satellite are on average 
higher than Globalstar’s first and second highest satellite respectively. Between the
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latitudes of +/-75° Deligo’s highest satellite is an average 6.4° higher than Globalstar’s 
highest satellite. Deligo’s second highest satellite is an average 10.1° higher than 
Globalstar’s second highest satellite over the same latitude region. These higher mean 
elevation angles, result in a higher availability of service over the given latitude region. 
Figure 2-30 compares Deligo and Iridium mean elevation angles. On average Iridium’s 
highest satellite is comparable with Deligo’s second highest up to approximately 60° 
latitude. Thus again Deligo satellites are providing higher satellite visibility between +/- 
75° latitude.
2.6.5 Minimum Elevation Angle
Figure 2-31 compares the minimum elevation of Deligo and Globalstars first and second 
highest satellite. From the graph it is clear why Deligo has a minimum elevation angle of 
15°, as this is the minimum elevation angle of the second highest satellite in the lower 
latitude regions.
i:i:
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Figure 2-31 Deligo and Globalstar minimum 
elevation angles
Figure 2-32 Deligo and Iridium minimum 
elevation angles
The minimum elevation of Globalstar’s highest satellite is comparable with Deligo’s 
second highest satellite from 0° to approximately 30° latitude. From around 30° to 40° 
latitude the minimum elevation of Globalstar’s highest satellite is very close that of 
Deligo’s highest satellite. This is due to the Globalstar constellation being inclined at 52°. 
From this latitude upwaids the minimum elevation angle of Globalstar’s highest satellite 
becomes again comparable with Deligo’s second highest satellite. The minimum elevation
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angle of Deligo's second highest satellite is always higher than Globalstar’s second 
highest satellite. Figure 2-32 compares the Deligo and Iridium minimum elevation angles. 
The Iridium minimum elevation angles only really become comparable with Deligo 
angles at approximately 70° latitude. Thus it can be deduced that Deligo satellites will 
provide a higher service availability between +/- 70° latitude.
2.6.6 Spare satellites
Each of the constellations presented in earlier sections also contain additional in orbit 
spare satellites in case of satellite failure. One spare satellite per orbital plane is typical, 
therefore the total number of launched satellites in the Globalstar system is 56, ICO has 
12 and Iridium has 72. Deligo has been designed to provide 100% dual satellite visibility, 
in order to improve the quality and availability of service. However given the 
characteristics of the mobile satellite channel (see Chapter 4) visibility to a satellite cannot 
be guaranteed due to blockage therefore a mobile terminal should not be designed to rely 
on dual satellite visibility.
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Figure 2-33 Deligo satellite outage performance
However given that Deligo does provide dual satellite coverage over a significant portion 
of its service area, the loss of a satellite does not introduce a gap in single satellite 
coverage. Therefore, it can be argued that Deligo does not have as great a need to have in 
orbit spares as satellite constellations that do not provide 100% dual coverage. Figure 2-
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33 shows the degradation in satellite visibility when one and two satellites fail.lt can be 
seen that single satellite visibility is not significantly impacted by the failure of two 
satellites. However, when one and two satellites are lost the dual satellite visibility is 
affected to a greater extent.
The degradation in coverage is only one of series of factors that must be considered when 
adopting an in orbit spare satellite policy. For example, the time will arrive after enough 
satellite failures that additional satellites will have to be launched and placed in orbit, this 
additional cost must be compared with that of launching the satellites while deploying the 
main constellation.
2.6.7 Conclusion
This chapter has presented the reasoning behind using non-geostationary satellites for 
personal communications. The two main methods of constellation design were presented, 
subsequently the satellite constellations of each of the three current S-PCN proposals 
were described these being the Globalstar, ICO and Mdium constellations. The coverage 
characteristics of each of the constellations were shown and discussed. In later chapters 
the ICO constellation in particular is used as an example for deriving and evaluating the 
performance of mobility management signalling techniques. The ICO and Globalstar 
systems intend to exploit dual satellite visibility to increase the availability and quality of 
service delivered to the user, this is investigated in chapter 4.
To this end a new satellite constellation called Deligo was designed. Deligo contains a 
similar number of satellites to the Iridium and Globalstar constellations, thereby 
remaining realistic in terms of cost. However the constellation has several properties that 
have been identified as being beneficial to S-PCN systems, these are;
1. 100% dual satellite visibility.
2. Minimum elevation angle of 15°.
3. High average elevation angles.
4. Repetitive ground track.
In particular the repetitive ground track simplifies the evaluation of an FES service area, 
as discussed later in Chapter 7.
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A comparison of satellite diversity, mean and minimum elevation angle statistics has been 
made between Deligo and the Globalstar and Iridium constellation proposals. Deligo has 
been shown to provide much higher satellite visibility in the region of +/-75° latitude.
Although Deligo does have more satellites than Globalstar, the increase in service area, 
service availability and simplified networking aspects makes Deligo an excellent 
candidate for a third generation PCN system.
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CHAPTER 3
System Overview and Mobility Management
3.1 Introduction
Satellite Personal Communications networks will be the first systems to offer truly global 
roaming. These systems will offer services to areas of the world where little 
telecommunications infrastructure exists and to areas where low population density can 
not economically justify terrestrial coverage. The integration of the new satellite networks 
with current mobile networks such as GSM is a key factor in transparently delivering a 
high quality range of services to mobile users. The GSM system is a digital based mobile 
cellular radio system developed in Europe. However, the GSM specification is rapidly 
becoming a global standard. The re-use of GSM network interfaces and entities in a 
satellite based network is essential to minimize development and equipment costs. 
Furthermore, due to the likely lack of service availability from S-PCN in built up urban 
areas (see Chapter 4), all systems will provide dual mode terminals that will operate with 
terrestrial networks when they are available. Therefore, the integration of S-PCN with 
terrestrial PCN is extremely important, as the two systems will complement each other;
1. In regions where terrestrial coverage is sparse (open, lightly populated areas) S-PCN 
has an important role.
2. In regions where S-PCN service is poor (urban and densely populated areas) terrestrial 
PCN coverage is present.
A single integrated network consisting of the two PCNs will offer a higher service 
availability over a wider area than each PCN could offer individually, thereby allowing 
users to roam freely between the two types of network whilst still having access to the 
same services and using one terminal identity.
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3.2 GSM network entities and interfaces
In this section the architecture of the GSM network is outlined and the functionalities 
found in its network entities explained.
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Figure 3-1 GSM network entities and interfaces
Many of the entities are physically located at the same site in the Public Land Mobile 
Network (PLMN) due to the large signalling loads between them (e.g. MSC and VLR, 
GSMC and HLR). Generally the protocols between the network entities can be classed as 
being in one of two families. The first type is the signalling interface between the MSC 
and the BSS this is known as BSSMAP (A interface)[GSM08.08]. The second type is the 
Mobile Application Part (MAP) [GSM09.02] this consists of the B,C,D,E,F and G
33
Chapter 3 System Overview and Mobility Managem ent
interfaces. The MAP interfaces all use CCITT No. 7 as their transport mechanism 
[MOD90].
GMSC - Gateway Mobile Switching Centre
Calls to and from a mobile terminal always enter and leave the PLMN through the 
GMSC. As calls to a mobile terminal always require HLR interrogation, it is common 
practice to co-locate the GMSC and the HLR due to the large signalling exchange load 
between them.
HLR - Home Location Register
This is where the majority of user information is located, each user is always associated 
with the same HLR. A PLMN can contain one or more HLR’s depending the capacity of 
the equipment and the size of the network, although one is typical. Two numbers are 
permanently stored in the HLR that identify a mobile terminal, these are the International 
Mobile Station Identity (IMSI) and the Mobile Station ISDN number (MSISDN). The 
MSISDN is the number dialed by users wishing to communicate with the mobile terminal. 
The IMSI is used in signalling within the GSM network and between different GSM 
networks to identify the terminal. Furthermore, the location and identity of the mobile 
terminals HLR can be identified from the IMSI. A further temporary identity referencing a 
mobile terminal can be found in the HLR, this is the Mobile Station Roaming Number 
(MSRN), allocated on an as needed basis by the VLR that has the mobile terminal 
currently registered in it when a mobile terminated call arrives.
EIR/AuC
This network component stores information related the mobile equipment. During 
signalling exchanges with the network all mobile terminals authenticate themselves with 
the EIR via a private key mechanism. This network entity is co-located with the HLR.
MSC - Mobile Switching Centre
The MSC performs all switching functions for the mobile terminals located in its service 
area. The MSC is very similar to a switch in the fixed network, except that it must cope 
with the mobility of users within its service area by performing location update and
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handover procedures. Furthermore, an MSC is always associated with only one VLR. Due 
to the large signalling load between the MSC and its associated VLR it is common 
practice to co-locate them.
VLR - Visitor Location Register
A mobile terminal is registered with a VLR, when it is roaming in the service area of an 
MSC that is associated with the VLR. When a mobile terminal enters the service area of a 
new VLR, the mobile terminal’s record in the HLR is updated with the ID of the VLR. A 
VLR can have one or more MSCs controlling its service area. Each record representing a 
mobile terminal in the VLR contains the following fields relating to ID and location of the 
mobile;
• IMSI
• MSISDN
• Temporary Mobile Subscriber Identity (TMSI)
• MSRN
• Location Area Code (LAC)
The IMSI and MSISDN are the same as the fields stored in the HLR database. The TMSI 
is a temporary ID used by the mobile terminal and network for identification purposes 
during unencrytped signalling exchanges with the network. Once encryption on the air 
interface is enabled the network updates the mobile with a new TMSI which is used for 
identification in any future signalling with the network. The LAC identifies a group of 
BTS cells that form the mobile terminals current location area (see later).
BSS - Base Station Subsystem
The BSS manages radio network resources and cell configuration data. It contains one 
Base Station Controller (BSC). The BSC acts as a bridge between the MSC and the BTS 
cells. The BSC also controls individual mobile station connections.
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BTS - Base Transceiver Station
The BTS is the last network entity in the chain to communicate with the mobile terminal. 
Communication with the terminal is carried out over several channels as shown in Figure
3-2. The FCH and SCH are used by the mobile terminal for frequency and timing 
correction respectively. The BCCH channel is used by the network to broadcast cell 
specific information such as the LAC and other information pertaining to surrounding 
cells. The PCH is used by the network to alert mobile terminals of incoming calls. Mobile 
terminals do not monitor the PCH 100% of the time. In order to save mobile terminal 
power while in idle mode the PCH is split into paging groups and mobiles only monitor 
their own paging group (i.e. discontinuous reception). A mobile terminal’s paging group 
is defined by parameters broadcast on the BCCH combined with its MSISDN number.
MT
IDLE mode channels
FCH - Freqoency coiæeeiiBJi channel
SCH - Syncronisation ehaHnel
BCCH - Broadcast information channel
PCH - Paging channel
RACH - Random Access channel
AGCH - Access grant channel
DCCH - Dedicated control channel
TCH - Traffic channel
SACCH - Slow associated control channel
FACCH - Fast assocaited control channel
BS
Figure 3-2 GSM Air interface channels
When a mobile terminal needs to perform a signalling exchange with the network (e.g. 
call-setup, location update etc.) it first must contend for a dedicated control channel using 
the RACH. Once the network successfully receives a random access request by a mobile 
terminal for a channel it transmits the ID of the DCCH to the mobile terminal using the 
AGCH. The DCCH is then used by the mobile terminal and the network to perform the 
signalling exchange. If the signalling was for call setup a TCH is allocated at the end of
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the sequence for the purpose of carrying data or speech to and from the mobile terminal. 
Throughout a call the network continually needs to exchange signalling information with 
the mobile terminal regarding power control, timing and frequency correction and BTS 
handover. These signalling exchanges are performed over the SACCH or the FACCH 
depending on the rate of the channel required. The SACCH and FACCH are multiplexed 
onto the same channel as the TCH.
3.3 Mapping of logical onto pfiysicai channels
GSM uses a hybrid FD-TDMA multiple access scheme. A physical channel in a TDMA 
system is defined by a time slot number TN in a series of TDMA frames. As a 
consequence of using a FD-TDMA multiple access scheme, a physical channel is defined 
as a sequence of radio frequency channels and timeslots. Each radio carrier supports eight 
time slots within a TDMA frame, a given channel always uses the same TN in every 
TDMA frame. Figure 3-3 below shows the GSM frame structure.
1 Hyperframe = 2048 Superframes = 2,715,648 TDMA frames ( 3 hours , 28 minutes,... )
0 1 2  3 2046 2047
1 Superframe = 1326 TDMA frames
0 1 3 4 23 24 25
0 1 2 49 50
o '• I 24 25
1 Multiframe = 51 TDMA frames (235ms)
4 " ------------------^
0 1 2  3 48 49 50
1 TDMA frame = 8 Bursts (4.615ms)
0 1 2 3 4 5 6 7
Figure 3-3 GSM TDMA frame structure
The GSM system operates in two paired frequency bands shown below in Figure 3-4. 
These consist of two 25MHz bands separated by 20 MHz. Each band is sub divided into 
124 radio frequency channels 200kHz wide, each supporting eight physical channels.
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Figure 3-4 GSM frequency bands
Competition between multiple GSM operators in the same country is achieved by 
allocating different portions of the spectmm to different operators. Each operator in turn 
has a full set of control channels and traffic channels.
3.4 Location updating sequence
In a GSM PLMN mobile terminals continually make location updates to alert the network 
of their position so that calls can be forwarded to them. While in idle mode (i.e. switched 
on and not in call mode) mobile terminals are continually monitoring the BCCH of the 
current BTS cell. One of the many pieces of information transmitted on this channel is the 
Location Area Code (LAC). Groups of BTS cells that transmit the same LAC on their 
BCCH collectively form a Location Area (LA). While a mobile terminal remains within 
the same LA no location updates are made. When a mobile moves to a new BTS ai'ea that 
is transmitting a different LAC it makes a location update.
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Figure 3-5 GSM location update signaliing sequence duration update to new VLR area
Figure 3-5 presents the most complete location update which is the inter VLR location
update involving the IMSI. The procedure consists of the main following steps;
1. A signalling channel is allocated to the mobile terminal and a location update is 
requested.
2. The mobile terminal provides the network with its IMSI. The IMSI is often required 
due to the fact that the new VLR has no way of locating the HLR of the mobile 
terminal from the old TMSI and LAC. Typically, when location updating to an 
adjacent VLR in the same PLMN this does not occur as the new VLR can identify the 
old VLR from the LAC which have to be unique within the PLMN. When location 
updating within the same VLR service area the IMSI is not required, obviously this is 
the preferred case as the IMSI is being transmitted without encryption and therefore is 
a potential security risk.
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3. The VLR is now able to authenticate the mobile terminal. If this step succeeds it
updates the location at the HLR. The HLR informs the old VLR to remove the users
data stored in VLRoid-
4. Ciphering on the air interface is enabled.
5. A new TMSI is allocated to the mobile terminal and the channel is released.
3.5 Mobile terminated caiis
As described earlier, a call destined for a mobile terminal enters the PLMN via the 
GMSC. In this section the routing of the call within the PLMN is described.
MSC
Paging
C h a n n e l  re q u est
Start call setup
1 HLR
, P ro v id e  ro a m in g  n u m b e r
P ro v id e  ro a m in g  num . res.
M S R N ,IM S I
IS U P  In itia l  m essag e
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S end  ro u tin g  in fo rm a tio n
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Figure 3-6 GSM Mobile terminated call routing
A mobile terminated call enters the PLMN through the GMSC. The GMSC derives the 
SS7 address of the HLR and sends it a send routing information message, containing the 
MSISDN of the mobile terminal. Upon receipt of the message the HLR requests a MSRN 
from the VLR/MSC where the mobile terminal is registered. The HLR returns this 
temporary ISDN address to the GMSC. Upon receipt of the MSRN the GMSC passes the 
call via an LAM to the MSC where the terminal is located. There are several cases where 
the GMSC can respond immediately to the lAM these are;
1. The call cannot be routed because the subscriber has not paid his or her bill.
2. The call cannot be delivered because the subscriber has barred all incoming calls.
3. Call forwarding has been activated.
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4. A MSRN is already available from a previous call (this is not used in practice).
When the call has reached the destination MSC, the mobile terminal is paged using its 
TMSI through all BTS cells that form its current location area. In order to minimize 
location management cost (i.e. location updating and paging), the LA must be designed 
carefully[MAR93]. When the terminal responds to the paging message the call setup 
procedure begins.
Within the routing procedure described above the destination MSC and VLR do not exist 
within the same PLMN as the GMSC and HLR if the user is in a PLMN other than the 
home PLMN.
3.6 Sateilite Ground Segment Network Entities
In this section the network entities in the ground segment of a non-GEO S-PCN are 
described. As outlined in the introduction it is very important to re-use as many GSM 
protocols as possible in the S-PCN network as it reduces development costs and will ease 
integration with the GSM system. However, the characteristic relative motion of satellites 
in a non-geostationary orbit will result in some significant differences with the terrestrial 
network, these are ;
1. Connectivities between network elements are continuously changing (mobile 
terminals to satellite to earth station).
2. There is no simple concept of a service area for non-geostationary S-PCN network 
management entities (due to continuously changing satellite coverage areas).
3. Larger delays, differential delays within spotbeams (as shown in Chapter 2) and larger 
power attenuation does not permit the re-use of the GSM air interface in the non- 
geostationary satellite system,
4. Due to the limited availability of power on a satellite, it is not viable to have more 
than one set of common control channels associated with each spotbeam, thus 
preventing the GSM mechanism for competitiveness between network operators from 
being applied directly.
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A result of these features each satellite in the S-PCN system. A two layered approach to 
earth station functionality was proposed in [CUL96] and [SAID 16]. The two types of FES 
are described in the following sections.
3.6.1 Primary Earth Station
At any one time a satellite is always controlled by one PES. The PES itself can control 
more than one satellite. It co-ordinates the allocation of resources on the satellites it 
controls to meet traffic demand. Drawing a parallel with a GSM network entity is not so 
straight forward, as the PES never carries any traffic to external networks. The PES can 
be considered an additional network entity that is required over that of terrestrial networks 
due to the motion of satellites in a non-GEO constellation.
3.6.2 Traffic Earth Station
The TES shares a combination of properties found in the GSM MSC and BSS. As its 
name suggests this component handles only traffic channels their associated control 
channels. The TES never allocates channels to itself, this is always done by a Primary 
Earth Station (PES). The differences and similarities between a TES and a BSS and MSC 
are outlined;
• A TES does not have direct control over channel allocation, hi the GSM system a BSS 
has control over its own channel allocation.
• A TES can interface directly with other external networks such as ISDN, PSTN, and 
GSM. This avoids calls to external network being routed through a PES. In GSM 
interfacing to external network is always done though a GMSC.
In conclusion, the TES can be described as a combined GSM,BSS and MSC except that 
any channel allocation must be performed by a PES. TES are distributed as commercial 
pressures dictate, possibly on a country by country basis. They can be linked to the PES 
network via terrestrial or satellite based links.
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3.7 Logicai and Physical channels
Each spotbeam will have the same set of logical channels as a GSM BTS, however the 
physical channel must be modified to account for the lower available power. An example 
of a physical channel suitable for ICO system is shown in Table 3-1.
Items Values
TDMA frame duration 40ms
Number of Time slots per frame 6
Time slot duration 6.667 ms
TDMA channel rate 36 kb/s
Number of bits per burst 240
Information bits 224
Signalling data bits (1/2 rate coding) 112
Table 3-1 ICO S-PCN physical channel 
The associated link budget calculation is given in Appendix 1 for the ICO system.
3.8 Integration
In the previous section the functionalities found in each of the network entities in an S- 
PCN ground segment were analyzed. As described in the introduction, seamless 
integration of satellite and terrestrial PCN is very important as the two complement each 
other so well. From a GSM network operators’ point of view integration of a satellite 
component into the PLMN should require few, if any, modifications to the existing GSM 
network. Consider now the integration of the two main satellite ground segment network 
entities the PES and TES in the GSM network. From the discussions above it is clear that 
the main tasks allocated to the PES result from the dynamics of a non-geostationary 
satellite constellation, a feature that is not found in terrestrial networks. Therefore, it is 
not considered appropriate to attempt any integration of this network entity into the GSM 
network. However, the TES entity has been shown to have strong functional similarities 
with the GSM MSC and BSS. In fact there are two approaches to viewing functionalities 
held within a TES [SAID 16];
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Figure 3-7 Candidate TES integration scenarios
The TES can be viewed as the equivalent of an MSC and a BSS, or as a BSS alone. From 
the TES operators point of view it is considerably cheaper to remove the MSC 
functionality from the TES as this opens up the possibility of using already existing MSCs 
that are located in GSM PLMN’s around the world to carry traffic to and from the satellite 
network. On the other hand if the TES operator can not avoid requiring MSC functionality 
due to the design of the satellite ground network, it would be considerably cheaper to buy 
an existing GSM MSC and subsequently use the A interface to link to the TES, rather 
than incur the overhead costs of adding MSC functionality to the TES.
Work presented in [ZHA96] showed the different signalling loads generated over the A 
and E interface for the two types of integration techniques. The results showed that from a 
signalling load point of view no integration scenario offered the lowest load all of the 
time, as the signalling load was highly dependent on the 100% of the satellite coverage 
area already covered by a GSM network.
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Figure 3-8 Preferred GSM and Satellite integration scenario 
3.9 Location Tracking Technique
Given that the average time a mobile terminal spends within the boundary of a spotbeam 
is a low as 1-2 minutes in a non-geostationary S-PCN, re-use of the GSM location area 
technique in non-GEO S-PCN is not suitable. The resulting location update signalling 
load for stationary and moving mobiles results in an inefficient use of satellite 
resources[GUN95]. In [CUL95] and [SAID 15] two more suitable methods of location 
area definition were proposed. These are described in the following sections.
3.9.1 Fixed cell
This method of defining the location area shares some similarities with the GSM method. 
Location areas are fixed regions on the surface of the earth, as spotbeams move over a 
location area the ID of the location area is transmitted on the BCCH of the spotbeams. 
Therefore, while within the boundary of a location area mobile terminals will always 
receive the ID of that location area from whatever spotbeam they are currently 
monitoring. When a mobile moves out of a location area it will no longer receive the ID 
of its current location and it will subsequently perform a location update. At paging time
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the network calculates which spotbeams are providing coverage over the location area and 
pages the mobile through them.
Location area 
boundaries
Spotbeam s
Figure 3-9 Fixed location area spotbeam mapping
There are several problems associated with this method of defining a location area. For 
example, consider the diagram on the left of Figure 3-9. In this case three spotbeams are 
covering location area 1 subsequently they all must broadcast the id associated with the 
location area. However, at least two of these spotbeams are covering two other location 
areas also, so they will have to broadcast the IDs of at least three different location areas. 
This present feature causes the location area boundary not to be clearly defined as any 
spotbeam only partially covering a location area must broadcast its ID, therefore that 
location area ID can be broadcast up to a distance equal to the diameter of a spotbeam 
away from the edge of the location area. Furthermore, when a terminal does determine 
that it is no longer in its currently registered location area, it can not effectively determine 
the ID of the new location area due to the fact that spotbeams could be broadcasting the 
IDs of several location areas. This in turn can result in the mobile ping-ponging between 
location areas until the correct location area ID is found, resulting in several redundant 
location updates. One possible solution to this problem is for the network to calculate the 
position of the mobile during the location update signalling and determine which location 
area the mobile is in and then signal this back to the mobile.
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These problems reduce in magnitude as the location area size increases with respect to the 
spotbeam size. Consider the diagram on the right hand side of Figure 3-9, it is clear that 
the number of spotbeams covering more than one location area is significantly reduced 
thus leading to a more well defined location area boundary.
3.9.2 Dynamic location area
Another candidate solution to the location area definition problem is the dynamic location 
area technique. This form of location area definition is completely different to that of 
GSM. This technique requires that the mobile terminal makes a location update after 
moving a specific distance from its last point of contact with the network. Therefore, after 
a location update the location area becomes a circle of a given radius centred at the 
terminal’s current position.
Location Area
Location Area Radius
Figure 3-10 Location updating using dynamic location area
Figure 3-10 shows a mobile terminal moving from point a to point e. Between a and e the 
terminal makes location updates at points b, c and d as at these points it has reached the 
edge of its location area. This method of location area determination does require that the 
terminal can measure a given change in its position on the earth’s surface. At present this 
can be achieved using the Global Positioning System (GPS)[OWN95] or other techniques 
presented in [ZHA95].
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L ocation  area
boundary
Figure 3-11 Spotbeam s forming the paging area for a specific location area
When paging the mobile terminal is required, as with the fixed area technique, the 
network again calculates which spotbeams are currently covering the location area and a 
paging message is transmitted through them.
This method of location area planning opens up interesting possibilities regarding the size 
of a user’s location area being optimized for their type of mobility, in order to achieve the 
minimum mobility management signalling load. This is possible since the location area 
size can be varied on a user per user basis. Furthermore, as the position of the location 
area is relative to the user’s position and not any given network entity, location area 
positioning planning is no longer an issue. The concept of independent location areas for 
individual users has been investigated for GSM networks in [TAB95] and is shown to 
significantly reduce mobility management signalling. Therefore, the dynamic location 
area method is the main focus of later chapters in this thesis. Using this technique it can 
not be guaranteed that the user’s location area will cross the boundary of a TES service 
area. This feature was avoided in GSM by restricting location areas to be contained 
wholly within the service area of a single MSC so as to avoid complex call routing 
procedures. This anomaly of the dynamic location area is dealt with in Chapter 7, and its 
potential impact on the GSM network structure and protocols minimized.
Chapters 5 and 6 deal with minimizing the paging and location updating in order to 
evaluate the optimum location area size for a user with a given mobility.
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3.10 Conclusions
Due to the similarity in the services offered and the complementary nature of the service 
areas of S-PCN and terrestrial PCN, integration between the two networks is of prime 
importance. Furthermore, re-use of existing GSM protocols can limit development costs 
of a S-PCN. Subsequently this chapter has given a description of the GSM network 
entities and interfaces between them. The GSM location updating and call routing 
procedure has been described.
The two levels of FES functionality have been described. The functionality split identifies 
that the TES has functionality very similar to that of a GSM, MSC and BSS. This fact 
combined with the need to limit the development costs of the ground segment of the S- 
PCN network, makes A interface integration a good candidate GSM integration scenario.
Two proposed mobility management techniques suitable for non-geostationary S-PCNs 
were outlined. These being a fixed location and a dynamic location area, the latter is the 
favoured approach as the size of the location area can be varied on a user per user basis. 
Furthermore, the location area boundary using the fixed cell technique can be incorrectly 
inteipreted by distances equal to that of the spotbeam diameter, in the first generation 
systems considered in this thesis this distance is typically in the range 600km-1,600km. In 
later chapters the optimum size of each type of location area definition is found which 
results in the minimum use of satellite resources for mobility management signalling (i.e. 
location update and paging).
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4.1 Introduction
In any form of wireless communications the channel between the receiver and transmitter 
is far from ideal. In mobile communications the channel is continually changing due to 
motion of the user through the surrounding environment. The variations in the channel are 
determined by two processes. Firstly, slow changes in the channel are caused by different 
signal attenuations due to the variation in the shadowing objects between the mobile 
terminal and the base station. The second type of variation is multi-path fading. This 
fading results from signals arriving at the terminal from different paths. The signals can 
add constructively or destructively resulting in a fading process that can change 
significantly over very small distances (e.g. 0.5^) [PR089].
The performance of any mobile communication system depends heavily on the reliability 
of data tiansmitted and received over the channel. This chapter presents a satellite channel 
model that is used in later chapters to evaluate signalling performance. The performance 
and effectiveness of satellite diversity in the ICO and Globalstar constellations are 
compared in the hostile urban/city shadowing environment.
4.2 Moduiation
Due to its relatively simple implementation and good performance QPSK modulation is 
popular in mobile communications. Assuming coherent detection of QPSK signal in a 
Gaussian channel, the probability of bit error for a given Eb/No is given by [PR089];
BER = ^erfcj  ^ (4-2-1)
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Figure 4-1 BER of QPSK modulation in a Gaussian channel
It is clear from the above graph to achieve a bit error rate of at least 1x10'^ that an Eb/No 
of at least 6.8dB is required. This BER will result in a reliable system with reasonable 
performance. f
4.3 Lutz Satellite Channel
In recent years a significant amount of effort has been made to characterize the mobile 
satellite channel. A major contribution was made by Lutz in [LUTZ91], where satellite 
channel measurements were made in different fading environments using L and S band 
signals from the MARECS satellite. It was proposed that the mobile satellite channel 
could be modelled by a two state Maikov process (as shown in Figure 4-2). The bad state 
corresponds to when the direct signal path from the satellite is blocked by a building or 
heavy foliage and the good state relates to times when the line of sight to the satellite is 
clear.
bb Bad Good
Figure 4-2 Two state Markov process
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The transition probabilities Pbg and Pgb are derived from the mean duration of the states 
(Db and Dg) and vary depending on the operating environment and elevation angle of the 
satellite and are given by [LUTZ91];
p. =  P u =  —  (4*3-1)bg RDh ’ RD„
where v is the mobile speed (ms’*), R is transmission rate (bs’*). As the distance between 
the blocking object and the satellite is large in comparison with the mobile terminal, the 
impact of including the velocity of satellites considered in this thesis, in determining Pbg 
is insignificant.
Therefore, the probability that the good or bad channel lasts longer than n bits is 
[LUTZ91];
P g ( > n )  =  P “g . P b ( > n )  =  P g "g  ( 4 . 3 - 2 )
Another important factor is the shadow factor, A. This gives the overall time share been 
the two states and is given by [LUTZ91];
A =  D b  ( 4 . 3 - 3 )
- Db + Dg
4.3.1 Good State
The good channel state is described by a Ricean distribution. The Ricean distribution 
arises from the fact the mobile terminal receives not only the direct line of sight signal 
from the satellite but also a multipath component from reflections from nearby obstacles. 
Due to their different propagation distances, multipath signals can add destructively to 
result in a deep fade.
The Ricean distribution is described by;
PRice(S) = Io(2ca^ )  (4'3“4)
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Here c is the direct-to-multipath power ratio (Rice-factor) and lo is the modified Bessel 
function of the zero order. It is common practice to normalize the power of the unfaded 
satellite link to unity. Therefore, the mean received power in the good state is given by;
E(SIGoodChannel) = l + i
The performance of QPSK modulation in a Ricean fading channel is analysed in [LIN64]. 
The probability of bit error is given by ;
f  I ^ - fP(Error) = Q(u, w) -  V 2 j (4.3-6)
where Q(u,w) is the two dimensional Q function [PR089];
_  (4.3-7)
and u, V , and d are given b y ;
_ lc(l + 2d - 27d(l + d))
2(1+ d)
|c{l + 2d + 2Vd(l + d)) (4-3-9)
" i  2 (T m )
E „ /  (4.3-10)
d = — 'No
Figure 4-3 shows the variation in the BER of QPSK modulation in a Ricean fading 
channel. The simulation was performed by averaging fades from the distribution in (4.3-4) 
over five thousand random values, the figure shows the good match between the two 
results, this verifies that the Ricean fade generator used in later chapters functions 
correctly.
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Figure 4-3 Comparison of analytical and simulation of QPSK performance in a Ricean fading
channel
It can be seen that as K increases the channel becomes increasingly more Gaussian. It is 
also clear from the graph that to achieve a reasonable BER (e.g. 10'^) in a Ricean fading 
channel large link margins (e.g. 3dB) over Gaussian channel requirements will be needed 
for low K factors (e.g. < lOdB).
4.3.2 Bad channel
The bad channel occurs when the line of sight to a satellite is blocked, usually by a 
building or heavy foliage. This results in a Rayleigh channel that is common in terrestrial 
mobile communications channels. The Rayleigh distribution is described by;
^Rayleigh(^^^o) ~
(4.3-11)
The mean received power So has a log normal distribution (normally distributed in dB);
(101ogS„-//)^ (4.3-12)
2cr"
Where jji and a  are the mean and standard deviation respectively.
The probability of bit error is derived in [LIN64] and [PR089], and is given by;
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P(Error) = ^ 1 - 1 + d
(4.3-13)
where ;
d = Mean Re cievedPowerAttentuation * %Nn
(4.3-14)
Figure 4-4 shows the performance of QPSK modulation in a Rayliegh fading channel for 
various vales of So. The simulation was again performed by averaging fades from the 
distribution shown in (4.3-11) over five thousand random values, the results show good 
agreement. Figure 4-4 also demonstrates the extremely large link margins required to 
achieve a BER (e.g. 1x10^) even for relatively low drops in mean received signal power. 
Due to the limited power currently available on satellites [Appendix 1], these link margins 
are prohibitively large to allow any reliable communications between a satellite and a 
mobile terminal to occur while the mobile is in the bad channel state.
20 25
Eb/No (dB)
Figure 4-4 Comparison of analytical and simulation of QPSK performance in a Rayleigh fading
channel
4.3.3 Channel Parameters
Shown below in Tables 4.1 and 4.2 are the results from three mobile satellite channel 
characterisation campaigns. Each table corresponds to the urban/city and highway fading
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environments. These two fading environments represent the most hostile and benign of 
the range of fading environments. The mean durations of the good and bad states are 
given in only [LUTZ91].
Elevation 
Angle (°)
Rice
Factor
lOlog(c)
(dB)
Mean
(dB)
Std.
Deviation
(dB)
Time
Share
Duration 
of good 
state (m)
Duration 
of bad 
state (m)
Reference
13 3.9 -11.5 2.0 0.89 9 70 [LUTZ91]
15 - -12.6 4.8 0.77 - - [JAHN96]
18 6.4 -11.8 4.0 0.80 8 32 [LUTZ91]
24 6.0 -10.8 2.8 0.66 27 52 [LUTZ91]
25 4.7 -6.0 3.5 0.59 - - [JAHN96]
34 6.0 -10.6 2.6 0.58 24 33 [LUTZ91]
35 10.7 -7.6 3.2 0.54 - - [JAHN96]
43 5.5 -13.6 3.8 0.54 42 49 [LUTZ91]
45 4.0 -7.2 3.2 0.43 - - [JAHN96]
55 11.8 -7.7 2.6 0.35 - - [JAHN96]
60 13.23 -6.1 2.8 0.224 - - [PAR93]
70 14.68 -6.1 2.2 0.030 - - [PAR93]
80 17.70 -6.4 3.2 0.007 - - [PAR93]
Table 4.1 Channel parameters for urban/city environment
It is clear from the values of Rice Factor given in the tables that large link margins will be 
required to operate in the good state in urban areas where very low Rice Factors (i.e. < 
lOdB) are probable. For reliable operation in the highway environment where Rice 
Factors of around 11 dB are prevalent requiring a shadow margin of at least 4.5dB.
Elevation 
Angle (°)
Rice
Factor
lOlog(c)
(dB)
Mean
(dB)
Std.
Deviation
(dB)
Time
Share
Duration 
of good 
state (m)
Duration 
of bad 
state (m)
Reference
13 10.2 -8.9 5.1 0.24 90 29 [LUTZ91]
15 9.5 -9.3 5.6 0.24 - - [JAHN96]
24 11.9 -7.7 6.0 0.25 188 62 [LUTZ91]
25 8.4 -5.8 1.7 0.19 - - [JAHN96]
34 11.7 -8.8 3.8 0.008 1500 12 [LUTZ91]
35 8.5 -5.0 3.3 0.01 - - [JAHN96]
43 14.8 -12.0 2.9 0.002 8300 17 [LUTZ91]
45 7.8 -1.8 1.2 0 - - [JAHN96]
55 9.0 - - 0 - - [JAHN96]
Table 4.2 Channel parameters for highway environment
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Figure 4-5 Av. BER vs. Eb/No for ICO and 
Globalstar highest satellite at 40° latitude
Figure 4-6 Av. BER vs. Eb/No for ICO and
Globalstar 2"^  highest satellite at 40° lat.
Figure 4-5 shows the BER variation with Eb/No for the ICO and Globalstar systems in the 
highway and urban environment (good state). From the graph it is clear that the Globalstar 
system will require an average Eb/No of approximately 8-9dB to achieve a BER of 10 \  
The ICO system requires slightly less (approx. 0.5dB) Eb/No due to its moderately higher 
average elevation angles.
Spotbeam number
Figure 4-7 Urban spotbeam Eb/No requirement 
(good state)
spotDGsm numb0r
Figure 4-8 Highway spotbeam Eb/No 
requirement (good state)
Figure 4-7 and Figure 4-8 show the average Eb/No required to achieve a BER of 10  ^ in 
each spotbeam in the ICO system. The increasing Eb/No with spotbeam number is due to 
the decreasing elevation angle range of the higher numbered spotbeams. The increase in 
Eb/No is due to the increased attenuation caused by multipath and does not include the 
higher power required to overcome the additional free space loss at lower elevation 
angles.
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4.4 Coding
In order to improve the reliability of communications, information bits are normally 
protected using a forward error correction coding scheme. A common method of 
evaluating the performance of a coding scheme is thofree distance of the code. The free 
distance of the code can be used to obtain the maximum number of bit errors the code can 
correct without failing. If we assume that the fading duration is longer than the packet 
length, the probability of packet error is given by [PRA94];
S 'PER = 1 -  ^  BER'( 1 - BER) (4.4-1)
V /
where np is the packet length in bits and t is number of errors which can be recovered. A 
popular code for use in the satellite channel due to its efficiency is the V2 rate 
convolutional code (k=7), this code can correct up to and including 3 bit errors (hard 
decision). Around a BER of 10'^, soft decision coding can be approximated by a further 
2dB gain [HAG89].
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Figure 4-9 PER vs. BER 
4.5 Modelling Satellite Diversity
From the previous section it is clear that S-PCN systems will not be able to operate in the 
bad state. Furthermore, large link margins maybe be required to provide reliable 
communications in the good state. To help overcome both of these problems satellite
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diversity can be provided. By providing potential visibility to more than one satellite the 
probability of no satellite being unblocked is reduced, this is known as switched diversity. 
Furthermore, if both satellites are in the good channel state, diversity combining (i.e. the 
use of both satellites simultaneously) can be implemented to improve the reliability of 
communications with the mobile terminal.
H ighest satellite
ath blocked
G(K)d channel
amilablfi Ira
second highest 
satellite
Figure 4-10 Switched satellite diversity
4.5.1 Lutz Correlated Satellite Diversity Channel Model
The use of multiple satellite visibility to reduce the probability of complete blockage will 
only produce an increase in service availability if the two satellite channels behave 
differently[ROB92]. For example, if two satellite channels are totally correlated then when 
one is blocked the other will also be blocked. The ideal scenario for dual satellite visibility 
occurs when the two satellite channels are negatively correlated, such that when one is 
blocked the other satellite will be providing line of sight. The effective correlation is 
highly dependant on the elevation and azimuth separation of the two satellites with respect 
to the user and the environment in which the user is located.
To model the effect of the correlation between the states of two satellites. Lutz proposed a 
four state Markov model in [LUTZ96] shown in Figure 4-11.
The model is the same as two independent two state Markov models, with the addition of 
the four variables W,X,Y and Z. These variables increase and decrease the transition 
probabilities based on the correlation between the two channels. The range of W,X,Y and
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Z are limited by the requirement that 0 < Py ^  1. The variables are coupled to the 
correlation coefficient a  through a scaling factor c.
bgM bb2'
ch. 1 bad ch. 2 bad ch. 1 good ch. 2 badbbl*^ hb2'
ch. 1 bad ch. 2 good ch. 1 good ch. 2 good
Figure 4-11 Lutz correlated four state Markov model 
The timeshares o f  each o f  the states are given by;
pO = p-yj A i{\ -  A i)^A 2(l -  A2 ) + A 1A2
P i  =  A j  -  p o
P 2  =  A 2  -  Po  
P3 — 1 4- po — A i  — A 2
PgglPhb2-V
' ^ ggl^ gg2"''W
(4.5-1)
(4,5-2)
(4.5-3)
(4.5-4)
po gives the probability that the two satellites are both in the bad channel states and thus 
can be used to represent the probability of service unavailability. The probability pg gives 
the probability that both satellites are in the good state and thus can be used in diversity 
combining gain calculations.
4.6 Fish Eye Images
One method of obtaining the correlation co-efficient is from photographs taken with a fish 
eye camera lens[VOG95]. The procedure for analysing a fish eye image is outlined below.
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I
Image is transformed to elevation and azimuth angle coordinates
Tramformed Image
Azimuth Angle
I
Outlines of buildings are traced to give blockage elevation angle vs. azimuth angle
61
Chap :*CN Channel
0^
10
0 210 240 270 300 330 360
Azlmuih angle (degrees)
Figure 4-12 Fish eye image processing technique 
4.6.1 Fish Eye Correlation Data
Using the resulting data set statistics related to blockage and correlation coefficients can 
be obtained for a given elevation angle. The two graphs below show the variation of the 
correlation coefficient for different azimuth and elevation separation angles. The 
correlation between the two satellite channels can be seen to decrease for increasing 
satellite elevation separation. The dependence on azimuth separation, however, is not so 
general For azimuth separations less than around 30°, significant positive correlation 
occurs due to the fact that both satellites tend to be blocked or unblocked by the same 
building or open space respectively. However, correlation coefficient behaviour for larger 
azimuth separation angles depends on the geometry of the surrounding blockage.
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Figure 4-13 Azimuth Correlation (3 buildings) Figure 4-14 Azimuth (street canyon)
The correlations shown in Figure 4-13 and Figure 4-14 agree closely with other blockage 
correlation results presented in [JAHN96] and [TZA98] respectively, which have been 
derived using completely different methods.
4.6.2 Packet Error Rate calculation
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Figure 4-15 Dual satellite packet error rate model
Work presented later in this thesis exploits satellite diversity. The flow diagram in Figure 
4-15 shows the steps taken in arriving at a PER for each satellite. It is assumed that the 
fading duration is longer than a packet and that the interleaving process is perfect (i.e. 
infinite).
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4.6.3 Los Angeles and England Blockage Statistics
Fish eye photographs taken in Guildford, Southampton and London in England and 
downtown Los Angeles in North America were processed as shown in Figure 4-12. The 
photographs were taken following a line of travel down a street in order to capture a wide 
range of surrounding building geometries. Figure 4-16 shows a comparison of the 
blockage statistics of the two city types. The English city is characterised by buildings of 
height between three and seven storeys, while the downtown Los Angeles type building is 
typically above ten storeys.
It can be seen from the graph that the blockage statistics of the two city types are 
approximately equal up to around 50° elevation. Above this elevation angle the tall 
buildings which characterize most North American cities dominate to produce a much 
higher probability of shadowing when compared with English city shadowing. The results 
from the English fish eye images also show a good comparison with the results from 
previous channel characterization campaigns that have been conducted in England and 
other cities in Europe. Furthermore, the England urban type blockage statistics agree well 
with a semi-empirical model presented in [SAU96].
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Figure 4-16 Comparison of blockage statistics
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4.7 Constellation Performance
In this section the availability of service from the ICO and Globalstar constellations are 
analysed in the two different types of city environment and the correlation between the 
channels is determined. The availability of service is defined in terms of the percentage of 
time a good channel is available on the highest or second highest satellite (i.el-Po in Figure 
4-11). This is reasonable, as Figure 4-4 demonstrates that reliable communication cannot 
take place in the bad state, and that the Eb/No required to operate in the good state can be 
realistically achieved (Figure 4-3).
4.7.1 England
Shown in Figure 4-17 are the data sets that give the percentage of time service is 
available. The first data set corresponds to results gained from using the fish-eye images 
only. This is possible since the equilibrium conditions of the four state model require only 
the blockage probability (i.e. not the duration of states), and the correlation coefficient 
both of which can be obtained from the fish eye images. The second data set again results 
from the use of the equilibrium conditions of the four state model, but in this case the 
shadowing probabilities are taken from [LUTZ91]. The good match between these results 
indicates that the shadowing properties of the interpolated data in [LUTZ91] are very 
similar to those derived from the fish eye images, thereby justifying the use of the 
correlation coefficient from the fish eye images and the duration of the channel states 
from [LUTZ91] in one combined model. The third data set represents the occupancy time 
share of the states after simulation the four state model. The close agreement between the 
second and third data sets indicates that the simulation of the four state Markov model 
produces the correct results.
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Figure 4-17 ICO availability of service In English urban environment
When this graph is compared with the ICO mean elevation angle and satellite diversity 
graph in the previous chapter, there is clearly a much higher correlation with the mean 
elevation angle graph than the satellite diversity graph, indicating that the potential 
decrease in availability of service due to the satellite diversity decrease in the mid latitude 
region, is more than compensated for by the increase in the mean elevation angles.
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Figure 4-18 Availability of service In English urban environment
The graph shown in Figure 4-18 represents the availability of service from the two highest 
satellites in the Globalstar system. In general, the Globalstar system has lower mean
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elevation angles than the ICO system. This explains the lower availability of service, 
however in mid latitude regions Globalstar’s mean elevation angles and satellite diversity 
peak, resulting in an availability of service exceeding that of ICO at around 5QP latitude.
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Figure 4-19 Correlation between two highest satellites
Figure 4-19 shows the blockage correlation between the two highest satellites in the two 
systems. In general, the two satellites appear to have a relatively low correlation. The 
large variations in the correlation coefficient for the Globalstar system are due to the very 
different mean azimuth separation angle between the satellites in this system over the 
latitude range presented as shown in Figure 4-21. At high latitudes the two highest 
satellites in the ICO constellation come from two different planes. Due to the 
configuration of the planes as the latitude of the mobile terminal increases, the azimuth 
separation of the two highest satellites at 90° latitude is 180° resulting in an increase in 
correlation as shown in Figure 4-20. The correlation increase in the Globalstar system at 
higher latitudes is due to the decreasing elevation angles thus resulting in the two satellite 
channels behaving very similarly.
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4.7.2 Los Angeles.
In this section the availability of service in downtown Los Angeles is determined using 
the data taken from the processed fish eye images. Simulation of the four state Markov 
model is not possible as the durations of the good and bad states are not currently 
available for this type of urban/city environment.
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Figure 4-22 Availability of service in downtown Los Angeles type blockage
As expected, the availability of service for both systems is lower than the English case. 
Again, at approximately 50° latitude the Globalstar system outperforms the ICO system.
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Although Los Angeles shadowing in Figure 4-16 appears to be quite severe at higher 
elevation angles, the blockage statistics are so similar until around 50° elevation, and the 
probability of having satellite elevation angles of greater than 60° is relatively 
insignificant (as shown in Figure 4-23 and Figure 4-24), that the resulting availability of 
service is not dramatically lower than that of the English city scenario.
«  0.S
1“
LaUtudo (dggreaa)
Figure 4-23 ICO highest satellite elevation angle Figure 4-24 Globalstar highest satellite 
distribution elevation distribution
4.8 Conclusions
In this chapter the mobile satellite channel model has been presented. The most dominant 
factor in determining the channel quality is probability of blockage. It is quite clear that 
first generation S-PCN systems will not function reliably when the path between the 
mobile terminal and a satellite is blocked. Furthermore, even when the good state is 
present large shadowing margins, especially in urban areas, will be required to achieve a 
reasonable BER. Subsequently, the two systems being considered here adopt satellite 
diversity in order to increase the quality and availability of service. When modelling the 
channels from two satellites it is important to take account of the correlation between the 
states of the channels. This is achieved by implementing a four state Markov model with 
adjusted transition probabilities based on the correlation coefficient between the two 
channels. To this end, fish-eye images were taken in three typical English cities and 
downtown Los Angeles in North America and processed to extract blockage correlation 
and statistics. The resulting blockage statistics from the English fish-eye images were 
shown to be very similar to blockage statistics from previous mobile satellite channel
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characterization campaigns conducted in England and Europe. Subsequently, the 
performance of two systems was analysed in the two urban environments. The ICO 
system generally provides around 10%-15% greater visibility than the Globalstar system. 
However, at around 50° latitude the Globalstar system outperforms the ICO system due to 
increased mean elevation angles and satellite diversity at this latitude.
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CHAPTER 5
Paging Signalling
5.1 Introduction
When a personal communications network receives a mobile user terminated call, the 
system pages the terminal to alert it of the call. In a non-geostationary satellite personal 
communication network, paging is performed through a collection of spotbeams that 
provide coverage over the location area relating to the mobile terminal being paged. The 
number of spotbeams varies depending on the size and latitude of the location area. 
Reducing the number of spotbeams used in paging is highly desirable as this can save 
satellite power, increase system capacity and reduce interference.
To reduce the number of spotbeams used, the paging can be performed in multiple steps. 
For example, in two step paging, the most likely spotbeams are paged through, if no 
response is received from the terminal the remaining spotbeams are paged. In multiple 
step paging it is important to maximise the success rate of the first paging step, a low 
success rate will cause an increase in call setup time as further paging steps will be 
required. Paging algorithms that exploit factors such as user mobility profiles, cell traffic 
loads, point and time of last contact etc., have been shown to reduce the paging load in 
terrestrial PCN in [LYB95] and [TAB95]. In particular', [LYB95] suggests that the first 
step paging success rate should not reduced by more than 10% when applying intelligent 
paging algorithms. This figure is used as an initial benchmark in this chapter.
5.2 Mobiiity Management and Paging Redundancy
A mobility management scheme suitable for dynamic S-PCN was outlined in Chapter 3. 
The proposed protocol avoids terminal location updates caused by the continuous motion 
of satellite spotbeams over the earth’s surface, by updating their location after moving a
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pre-determined distance (F) from the point of last contact with the network. Therefore, the 
location area associated with each terminal becomes a circle of radius F centred at the last 
point of contact with the network.
When the network requires contact with the mobile terminal it uses the point of last 
contact and the location ai’ea radius to page through the paging channel on all the 
spotbeams that the terminal may be monitoring. This includes all spotbeams that are 
totally or partially covering the terminal’s location area. Shown below in Figure 5-1 is the 
variation in the average number of spotbeams required for paging in the Globalstar and 
ICO systems at 45° latitude, against location area size. As the location area size increases, 
the number of spotbeams required to page the location area also increases
L oeallon Aroo Radius (km )
Figure 5-1 Globalstar and ICO spotbeam paging requirement (@ 45° latitude).
The results were formed using the spotbeam patterns shown in Chapter 2 (type (a) for the 
ICO system). When comparing the spotbeam paging requirements the loads are similar, 
however at small location area radii Globalstar has a slightly higher requirement due to its 
higher satellite visibility in this latitude region. When the location area increases in size 
the ICO system paging requirement increases at a greater rate since the spotbeams are 
smaller than the Globalstar system.
Although this paging technique guarantees a high success probability, in practice a 
significant amount of redundant signalling occurs when the technique is adopted. The 
sources of the redundancy are identified below.
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5.2.1 Paging area larger than location area (type 1)
Significant areas outside the terminal’s location area will be paged over, this will always 
occur when spotbeams are larger than the location area. Consider the scenario shown 
Figure 5-2. Spotbeams 1, 2, 3 and 4 are all on the same satellite and are providing 
coverage over the user’s location area. Therefore, at paging time each spotbeam is paged 
through. As can be seen, large areas outside of the user’s location area are also paged.
Beam 2
I  User’s Beam 1 I locatioi 
I area
Beam 3
Redundant Paging Signalling
Figure 5-2 Redundant paging outside of users location area.
5.2.2 Multiple satellite coverage (type 2)
The two satellite constellations focused on in this thesis provide multiple satellite 
visibility to combat shadowing in an attempt to provide a higher quality of service to the 
user. Therefore, a high percentage of the time a location area will be covered by more than 
one satellite. Consider a single terminal roaming in the location area, using the paging 
method described above, all satellites above the minimum elevation angle of the mobile 
terminal will be involved in the paging process.
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Received Paging Signal
-   Redundant Paging Signal
Figure 5-3 Redundant satellite paging.
Figure 5-4 and Figure 5-5 show how the number of satellites that paging signalling is sent 
through varies with latitude and location area size for the ICO and Globalstar systems. 
The general trend in these graphs corresponds very closely to the satellite diversity graphs 
shown earlier in Chapter 2. Given that the terminal will only receive the paging signalling 
from one spotbeam on one satellite, it is clear that this approach introduces a significant 
amount of signalling redundancy into the procedure.
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5,2.3 Multiple spotbeam coverage (type 3)
Paging will occur through spotbeams that the terminal will not be monitoring due to its 
position inside the location area. This type of redundancy is similar to that which occurs
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while paging in the GSM system. Considering the example in Figure 5-2, assuming the 
terminal is monitoring only spotbeam 4, then although spotbeams 1,2 and 3 are providing 
coverage over regions of the location area, paging the terminal through these beams is 
redundant.
5.3 Paging load reduction techniques
The work presented in this chapter introduces a technique to reduce type 1 and 3 
redundancies by the creation of virtual paging cells to compute the probability of 
successful paging through a given spotbeam. Three methods of satellite selection for 
paging are presented to reduce type 2 redundancy, these being;
5.3.1 Optimum satellite paging
The system pages the mobile terminal through spotbeams on the optimum satellite (i.e. 
the satellite with the highest elevation angle with regard to the mobile terminal). Since 
shadowing is more prevalent at lower elevation angles, the highest satellite will have the 
highest probability of being unshadowed as shown in Chapter 4.
5.3.2 Satellite diversity paging
This technique exploits satellite diversity when it is available, i.e. the mobile is paged 
through the highest satellite and through the second highest satellite also. It is envisaged 
this paging scheme would be used when the probability of each channel being shadowed 
is high.
5.3.3 Hybrid satellite paging
The hybrid paging scheme involves paging through highest elevation angle satellite in the 
first instance, then on further paging steps paging through the highest and second highest 
elevation angle satellites occurs.
5.3.4 Multiple satellite visibility considerations
This raises an issue not found in terrestrial mobile communications. Given that a mobile 
terminal has potential visibility to more than one satellite, can the mobile terminal
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monitor the paging channel on one spotbeam from each of the visible satellites? It is 
possible for the terminal to synchronise to each visible satellite and listen to the paging 
channel on each satellite in a cyclic manner, however from a network point of view the 
system will not know at any given time which satellite paging channel the terminal is 
monitoring. This implies that at paging time the system will have to page the terminal 
through all potential satellites to ensure that the terminal receives the paging signalling 
with minimum delay, thus reducing the efficiency of paging through the highest satellite.
The system needs to know when the terminal will be monitoring the paging channel on a 
given satellite and to ensure that paging messages sent from multiple satellites do not 
collide at the terminal. This can be achieved by delaying the transmission of a paging 
packet in a given paging group on each satellite to ensure that paging packets do not 
collide when they reach the earth’s surface. The time delay and the number of delays 
required depends on the access scheme, constellation altitude and configuration. For 
example, in the ICO constellation the delay uncertainty across each satellite footprint is 
13.5ms. Consider two satellites, if the transmission delay between the paging packets 
from each satellite is greater than 13.5ms + 6.67ms(burst size) then they cannot collide at 
the terminal. Of course, in a real system more than two satellites are potentially visible 
and therefore the entire constellation must be considered. Firstly consider the fact that the 
ICO constellation is split into two orbital planes. The coverage of a satellite in a plane 
overlaps with the coverage of the next satellite and the previous satellite in the same 
plane. Furthermore, the two planes cross at the equator.
Sat 1 Sat 2 Sat 3 Sat 4 Sat 5 Sat 1
Figure 5-6 Overlapping coverage of satellites in a ICO constellation plane
Using the above analysis two different delays are required per plane as shown in Figure 5- 
6. Spotbeams that overlap with those from the next and previous satellite in the same 
plane must have different delays. This ensures that a terminal will not receive paging
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messages from two satellites in the same plane at the same time. As both planes of 
satellites cross, each satellite plane must have a different set of delays (i.e. a total of four 
delays), therefore the total time taken to page one paging group is ~ 100ms (i.e. four delays 
each of -25ms). The above analysis also leads to the conclusion that a mobile terminal at 
any given time can never see more than four satellites.
When the same analysis is applied to the Globalstar system eight delays each of -18ms 
(assuming a burst size of 6.67ms) are required. Since satellites in a plane do not have 
overlapping coverage, the same timing offset can be used for all satellites in the same 
plane. However, each plane crosses every other plane, therefore eight sets of plane offsets 
are required resulting in a total group paging time of -144ms.
5.4 Virtual paging ceii algorithm
Consider a mobile terminal at angular co-ordinates (r,0) from the centre of its location 
area at time of paging (tp). The function Sb(r,0, tp) defines the spotbeam on a given 
satellite in which a mobile at the point (r,0) at instant tp is located.
LA R
Spotbeam = Sb(r,0, tp) (5.4-1)
A user position probability density function, P, at the point (r,0) from the centre of the 
location area at time tp is also defined;
P(r,0, tp) (5.4-2)
The terminal makes a location update after moving a distance T from the centre of its 
location area, thus the p.d.f. boundaries are;
Jr=0 [P) dr = 1
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Therefore, the probability of the user being located in a given spotbeam S is;
PS= J^^Q^(Sb(r,^,tp) , S) P(r,6>,tp) r d6> dr (5.4-4)
Where the delta function, is;
ÿ  _ j i  =  «
{m,n) IQ  o th e r w i s e
To calculate the probability of spotbeams required for diversity paging, equation (5.4-1) 
needs to be modified to include the spotbeam on the second highest satellite for a mobile 
terminal at the point (r,0) from the centre of the location area at instant tp.
Equation (5.4-4) is evaluated by the creation of Virtual Paging Cells (VPC) shown below;
The users location area is 
divided up into rings with 
an equal earth centred . 
angle \
Each ring is then further 
divided up into equally sized 
virtual cells  ^
Finally the centre of each 
virtual cell is sampled for the 
optimum spotbeam on the
1st/2nd highest satellite. The 
selected spotbeam is then 
credited with the probability of 
the user being in the cell.
Figure 5-7 Virtual paging cell creation
An algorithm to split the location area into N virtual cells with approximately equal areas 
is outlined in Appendix 3. To evaluate the probability of the user being in a given VPC 
some basic assumptions about the mobility of each user must be made. In this study, users 
are assumed to be travelling with a constant speed without changing direction. Therefore, 
if the time since the last contact with the network is not considered, the probability of the 
user being in a given ring is;
78
Chapter 5 Paging Signalling
Direction of users m otionLoca tion A tea  C en ter
Ring num ber
WidthRingPRing = (5.4-5)
Figure 5-8 Ring occupancy probabiiity
Assuming the system has no knowledge of each individual user’s direction of travel, but 
that the overall distribution of the direction of user’s motion is uniformly distributed 
between 0 and 2n, and that the size of each VPC in a ring is equal, then the probability of 
the user being in a given VPC is;
% ng (5.4-6)
VPC Number of Cells in ring
The use of a more complicated random walk model similar to the one proposed in 
[ROS97] is not considered appropriate since this kind of mobility model is more suited to 
modelling users in a complex Manhattan grid formation of streets (e.g. town 
centre) [SES92], whereas S-PCN services will be mainly utilized in rural, vehicular, 
aeronautical and maritime environments, where mobility tends to be characterised by 
simple uniform motion. The model used here and the subsequent method of attributing 
probabilities does not depend on speed or time since last contact with the network, the use 
of a more advanced mobility model would require further assumptions on the exact 
mobility and call patterns of S-PCN users. Of course the model presented here can be 
easily extended to account for these patterns.
5.5 F/rst step paging load and success variation with VPC
In this section the first step paging load and success rate is analysed using the optimum 
satellite paging scheme described earlier. A given paging event is defined as being 
successful if the mobile terminal’s current spotbeam (i.e. the spotbeam that the mobile
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terminal is closest to the centre of) is selected for the first paging step. Spotbeams are 
selected for the first paging step if their probability of successful paging (calculated using 
VPC) is greater than zero. Further simulation parameters are given in section (a) of 
Appendix 4. Shown in Figure 5-9 is the first step paging load variation with the number 
of VPC used to calculate the paging success probability.
As the number of VPC are increased more spotbeams are selected for the first paging step. 
The increase in the number of spotbeams reaches a maximum when all the spotbeams on 
the optimum satellite are selected for the first paging step. In the case of one VPC, the 
spotbeam covering the centre of the location area is the only one selected for the first 
paging step. The sudden increases in paging load results from the cell creation algorithm 
creating an additional ring of VPC.
4.5
1.5
N um ber of Virtual P ag in g  Cells
Figure 5-9 First step page spotbeam load vs number of VPC.
Figure 5-10 shows the variation in the first step paging success with the number of VPC 
used. Again, as more paging cells are included and more spotbeams are selected for 
paging, the first paging step success rate also rises. It is interesting to note the relatively 
high paging success rate when only one spotbeam (i.e. one VPC) is selected. Of course 
this probability decreases with increasing location area radius, however given the relative 
increase in paging load vs. increase in success rate when more spotbeams are selected, it 
is quite clear that the spotbeam covering the centre of the location area has significant 
impact on the paging success probability.
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Figure 5-10 First step page su ccess  rate vs number of VPC
The results shown above could be used as an intelligent paging algorithm as they exhibit a 
trade-off between paging load and success rate. However it is more appropriate to base 
the selection of a spotbeam for the first paging step on its calculated probability of paging 
success. This technique is explored in the next section.
5.6 Spotbeam Probability Threshold (SPT) method
The first step paging load in a paging scenario where spotbeams are if their probability of 
paging success is above a certain threshold, is evaluated. As shown above in Figure 5-10 
as the location area size increases more VPC are required to maintain a given success rate. 
An appropriate number of VPC to use in calculating the spotbeam paging success 
probabilities for a given location area size was found to be equal to the location area 
radius in kilometers. Using this relatively simple method was found to give -100% first 
step paging success in the previous section. Furthermore, the average sum of the 
calculated paging success probability of spotbeams selected for the first paging step in 
this section’s results, was found to be equal to the first step paging success rate, indicating 
that the number of VPC used in the calculation was suitable.
Again only the highest elevation angle satellite is considered in this section. This does not 
exclude the possibility that more than one satellite is selected for inclusion in the paging 
process, as it is possible for two or more satellites to have the highest elevation angle over
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different parts of the location area. Moreover, this probability increases with increasing 
location area radius.
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Figure 5-11 ICO optimum satellite first step paging Figure 5-12 Globalstar optimum satellite first 
load vs SPT step paging load vs SPT
The graphs shown in Figure 5-11 and Figure 5-12 demonstrate that the application of a 
SPT results in an increasingly smaller number of spotbeams being selected for the first 
paging step. Furthermore, Figure 5-13 and Figure 5-14 show that the paging load can be 
significantly reduced within the restriction that the first step paging success rate must not 
decrease by more than 10%.
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Figure 5-13 ICO optimum satellite paging 
su ccess  rate vs SPT
Figure 5-14 Globalstar optimum satellite paging 
su ccess  rate vs SPT
The results in this section complement the previous sections findings that for the majority 
of the time one spotbeam has a significant proportion of the paging success probability.
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5.7 Analytical evaluation
In this section a mathematical model is described that is used to analytically verify the 
impact of the SPT on the first paging step load and success rate. In order to simplify the 
analysis some assumptions are made. Firstly, it is assumed that all spotbeams are the same 
size on the earth’s surface Secondly, edge effects at the minimum elevation angle of the 
satellite are ignored (i.e. the spotbeam pattern is assumed to go onto infinity). Thirdly, the 
geometry of the spotbeams is simplified by assuming that they are arranged on a flat two 
dimensional surface.
The first two assumptions are particularly applicable to the ICO system with spotbeam 
pattern (a) (as shown in Chapter 2). Pattern (a) consists of spotbeams that have an equal 
size (~ 1170km diameter). Although the minimum elevation angle of the ICO satellite 
constellation is 10°, the minimum elevation of the highest satellite is 30° in the latitude 
region being considered (i.e. 45° latitude ), thereby removing possible errors due to the 
edge effect assumption. Finally, to further simplify the analysis, location area radii large 
enough to only overlap with a maximum of three spotbeams are considered.
5.7.1 Approach
Consider a hexagonal airay of spotbeams of radius Sr. as shown in Figure 5-15. Due to the 
symmetry of each hexagon and its neighbours the area to be analysed can be reduced to 
one triangle that forms one twelfth of each spotbeam. This fraction of a spotbeam is 
shown on the right hand side of Figure 5-15. Consider a location area of radius T at 
paging time in the area of the spotbeam shown, the point at which the location area centre 
falls will dictate how many spotbeams will be selected for paging. It is assumed that the 
distribution of the location area centres at paging time will be uniformly distributed in the 
triangle shown.
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Figure 5-15 Area of spotbeam used in analysis 
5.7.2 Single spotbeam area
The probability of the location area being covered by one beam only, Pi, is given by;
(5.7-1)
Pi =
1
2Â/3 s.-r
'^ 1 s ^L O
The application of a probability threshold less than 100% does not have an impact if only 
one spotbeam covers the location area.
5.7.3 Two spotbeam area
The probability of a location area overlapping with two beams, ?2, is given by;
'VI' (5.7-2)
V y
To evaluate the result of applying a probability threshold consider a location area of 
radius T, centred a distance d from the intersection of spotbeam 1 and 2.
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Spotbeam 2
Spotbeam
boundary
Spotbeam 1
Figure 5-16 Two beam probability calculation
The probability of a user being located a strip of dx width a distance x into spotbeam 2 is 
given by;
Strip
(5.7-3)
Therefore, the probability of the user being located in spotbeam 2 is given by;
.-If  d ^ (5.7-4)r-d cos I -j— 
Pbeam2 =  J 2^;rr
Integrating by parts and inserting limits gives;
t s -Pbeam2 ~ ^ r cos' din yj
(5.7-5)
Subsequently, as the location area is only covered by two spotbeams, the probability of 
the user being located within spotbeam 1 is;
Pbeaml — 1 “ P]beam2 (5.7-6)
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5.7.4 Three spotbeam area
When the location area is overlapped by three spotbeams, the location area centre distance 
d as defined previously and angle 0 from the intersection point of the three beams, is 
considered. Now consider the three angles Qa, Oy and He and the areas subtended by these 
angles in spotbeams 2 and 3, as shown in Figure 5-17. The probability of the user being 
located in spotbeam 2, is found by evaluating the probability for the two beam 
overlapping case described in Section 5.7.3 and subtracting the probability of the user 
being located in the beam 3 area subtended by the two angles £2a and Qb- The probability 
that the user is in spotbeam 3 is found by evaluating the probability of the user being 
located in the areas subtended by the angles Qa and Qc in spotbeam 3.
spotbeam 3spotbeam 2
• Location area 
boundary
spotbeam 1
spotbeam 1
Figure 5-17 Three beams
The probability of the user being located in Beam 1 is given by;
Pbeaml — 1 “ (Pbeam2 “ Pbeams)Pbeaml — 1 ~ (Pbeaml “ Pbeams) (5.7-7)
Qais given by;
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f  -
dSin
Sin(^)
J JyVV
(5.7-8)
The probability of the user being located within Qain Beam3 is;
r-d
= aiTtr dx
(5.7-9)
Integrating by parts and inserting limits gives;
r - In
r +
Sin(4. 7.
(5.7-10)
The angle is;
Qk = 6 —Sin
js in (é> + ^
y y
(5.7-11)
The probability of the user being located in Hy within spotbeam 3 is;
r-d
[
Qv= I #  dx
(5.7-12)
Integrating by parts and inserting limits gives;
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P a  = r- Sin(0)j) \ S i n ( e )
r+. r ^ - \ is m { e \
 ^ d " 
Sin(0), yj
(5.7-13)
The angle Qc is given by;
Qc = ■| + 0 +Sin“ ^ Sin(0),
VV Sin(<9)
+  X
y y
(5.7-14)
The probability of the user being located in Qc within spotbeam 3 is;
2/d:'
(5.7-15)
Integrating by parts and inserting limits gives;
Pq, = Sin(^)
n + e \ + Sin(<9) In
r+. r ^ - Sin(0)J
Sin(0) j
(5.7-16)
5.7.5 Semi-analytical and simulation comparison
In order to evaluate these probabilities an array of points (10,000 in total) were created, 
uniformly distributed within the triangle shown in Figure 5-15. The relevant area for each 
point was determined (i.e. 1 beam, 2 beams or 3 beams) and the appropriate beam 
probabilities calculated using the equations derived in the previous section. Subsequently, 
a threshold was applied to the calculated probabilities.
Shown in Figure 5-18 and Figure 5-19 are the comparisons between the semi-analytical 
approach and the simulation results for the first step paging load and success rate. The
88Advanced Mobility M anagement Techniques for Satellite Mobile Communication System s
Chap qinp Signalling
two graphs show the resulting decrease in the first step paging load and success rate with 
the applied SPT.
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Figure 5-18 Analytical and simulation paging load comparison
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Figure 5-19 Analytical and simulation paging su ccess  rate comparison
The two graphs show a good comparison between the analytical and simulation results. 
The two results slowly diverge for larger values of location area radii. This is caused 
mainly by three factors. Firstly, as the location area size increases the probability that only 
one satellite is providing the highest elevation angle over the location area decreases (i.e. 
more than one satellite becomes involved in the paging process). Secondly, as the location
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area size increases the two dimensional approximation of the spotbeam structure begins to 
break down. And finally, the assumption that the location area centre is uniformly 
distributed within the spotbeam is not strictly true as positions inside the spotbeams are 
linked directly to an elevation angle and the elevation angle probability distributions 
shown in Chapter 4 are not uniform.
5.8 Optimum SPT
The results so far have shown the variation of the first paging step load and success rate 
with the applied SPT. Now consider an ideal two step paging process, if the first paging is 
unsuccessful then a second paging step is initiated which includes the remaining 
spotbeams with a paging success probability less than the threshold but greater than zero. 
The graph in Figure 5-20 shows the reduction in the overall paging load with the applied 
SPT using the Globalstar system as an example.
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Figure 5-20 Paging load reduction vs SPT
Again, the results relate to the optimum satellite selection technique. The results indicate 
that each location area radius has an optimal SPT that results in a minimum load. The 
turning point arises due to the application of a 0% probability threshold which results in 
all spotbeams being included in the first paging step thereby not realising any reduction in 
load. The application of a 100% probability threshold results in no spotbeams being 
included in the first paging step and all in the second paging step, also resulting in no load 
reduction. Given that a probability threshold between 0% and 100% arises in a certain
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amount of load reduction a turning point must arise to satisfy the two boundary 
conditions.
5.9 Impact of channel
So far in this analysis the channel between the mobile terminal and the satellite has been 
assumed to be perfect. The channel adds an extra level of uncertainty to the success 
probability of each paging event. Firstly, consider paging where a probability threshold 
method is not implemented, and only spotbeams on the highest satellite are paged 
through. If the paging packet is lost due to errors in the channel the paging event must be 
repeated at some time later. The repeat time must allow for the terminal to make a 
successful random access, from results in [XHE96] this time can be up to approximately 
1.5 seconds for the ICO system. This time should be considered a minimum to avoid 
additional unnecessary paging steps. The question of the paging duration now arises. A 
suitable value for this can be found in the GSM service quality specifications 
[GSM02.08]. The specifications recommend that the first and last paging events should be 
at least 12 seconds apart. The number of paging events within this time is left to the 
discretion of the individual network operator. To arrive at an optimum number of paging 
events for S-PCN systems the fading characteristics of the channel need to be considered. 
From the discussion in Chapter 4 clearly the majority of lost packets in the channel are 
due to blockage. In [LUTZ91] it was shown that the duration blocked and line of sight 
states can be modelled as a negative exponential process (i.e. Markov model). It is 
reasonable to assume in the majority of cases where no response from the terminal has 
been received after a paging event, that the terminal was in the bad state at the time of the 
paging event. The fact that the duration of the states has a negative exponential duration 
(and therefore memory-less) can be used to optimise the paging repeat delay in an effort 
to maximise the probability of the terminal being in the good state at the time of the 
second paging even t.
The graph in Figure 5-21 shows the probability of a terminal with a specific elevation 
angle and speed in the urban environment being in the good state at a time t after being in 
the bad state at time t=0. The analytical formula is given by;
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Good (0  = DgDg + Db 1 - e ' DgDb J
(5.9-1)
where Dg and Dy are the duration of the good and bad states in time.
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Figure 5-21 Probability of being in good state vs time (urban)
From the graph it is clear that the highest success rate that can be achieved in the second 
paging event is equal to the time share of the channel (i.e. approximately equal to 
probability of the first paging event being successful). The graph also indicates that 
slower mobiles take a longer time to reach this state than faster moving mobiles. As the 
system has no knowledge of the mobile terminal’s speed, any algorithm must be 
optimised for a suitable speed (e.g. 50 km/hr). Obviously mobiles with speeds above this 
value will experience better paging performance as they reach the time share probability 
more quickly.
Figure 5-22 shows the equivalent results for a mobile in the highway environment. In this 
environment there are two major differences to the data in the graphs. Firstly as blockage 
is not as prevalent the maximum success rate achievable in second paging attempt is 
substantially higher than the urban case. Secondly as the blockage durations are shorter in
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comparison with the urban case the time taken to reach this maximum probability is also 
shorter.
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Figure 5-22 Probability of being in good state vs time (highway)
As the shadowing process is memory-less the success rate after N paging events in a time 
t for a specific mobile speed and satellite elevation angle, can be evaluated. The graph in 
Figure 5-23 shows the successful paging rate after a given number of paging steps in 12 
seconds, for a mobile terminal travelling at 50 km/hr in the urban environment. The time 
between paging events is given by 12/(N-1). It is apparent from the graph that when the 
number of paging events exceeds approximately seven that very little gain in the overall 
paging success rate at the end of 12 seconds is realised. When the elevation angle 
distribution of the highest satellite in the ICO system is considered (Chapter 2), it would 
appear to achieve an acceptable paging success rate only via the highest satellite in this 
hostile environment, that five paging events are adequate. Therefore, a total paging time 
of 12 seconds results in each paging event being 3 seconds apart.
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Figure 5-23 Paging su ccess  rate vs. number of paging steps (urban)
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Figure 5-24 Paging su ccess  rate vs. number of paging steps (highway)
Given that it is likely that the only a small percentage of users will be located in the urban 
environment, it is important that the paging scheme does not offer poor performance or 
large signalling redundancy in the highway/open environment. Figure 5-24 shows the 
paging success rate variation with the number of paging steps for a mobile travelling at 
50km/hr in the highway environment. As the blockage in this environment is far less, the 
success rate of the first paging event is extremely high and after only 2 paging events is 
virtually 100% for all elevation angle above 30°.
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As far as stationary users are concerned, the overall paging success rate is determined by 
the time-share of the blockage. Further paging steps will not be successful since the user 
will not move out of the blocked state and the movement of the satellite over the period of 
the paging is not significant enough to have an impact either.
When the paging repeat time of three seconds is compared with the maximum random 
access delay of 1.5 seconds, it permits the additional paging steps required by the SPT 
method to occur within the paging repeat time as shown in Figure 5-25.
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Figure 5-25 Paging strategy repeat time
In the following sections the success rate of various satellite selection schemes and 
intelligent spotbeam paging described previously, are analysed over the mobile satellite 
channel. The number of major paging events in the paging time is selected as five based 
on the previous analysis of the channel blockage characteristics. The success rate of each 
paging packet in the channel is determined using the procedure outlined in Chapter 4 for 
packet success determination. The system used as an example is the ICO constellation 
with spotbeam model type (b) shown in Chapter 2, and to reduce the number of 
parameters shown in the results a location area of 300km is used in the analysis. Further 
simulation parameters are given in section (b) of Appendix 4. The paging loads from this 
point onwards are given in terms of the number of TDMA bursts transmitted during the 
paging process, and not the number of spotbeams used.
5.9.1 Optimum Satellite Paging
In this section the performance of the optimum satellite paging scheme is analysed. Figure 
5-26 and Figure 5-27 show the paging success rate and load variation with paging step 
number (as shown in Figure 5-25) and applied SPT.
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Figure 5-27 ICO optimum satellite paging load 
in urban at 50km/hr
It appears from Figure 5-27 that the optimum probability threshold is approximately 35% 
for this paging scenario. When this threshold is compared with the paging success rate of 
the first and further paging steps in Figure 5-26 the decrease in success rate is 
approximately equal to 10% indicating that the minimum load in this environment can be 
achieved with an acceptable decrease in the first paging step success rate. Paging steps 2-5 
have a lower success rate due to the fact that mobiles have not reached the time share of 
the channel as shown in Figure 5-21.
The results in Figure 5-28 and Figure 5-29 pertain to a mobile in the highway 
environment. The first paging step involving only the highest satellite delivers very good 
performance (-99%). Subsequently, the paging load is significantly reduced. Also, since 
there is less shadowing, paging steps 2-5 have a much higher success rate than the urban 
environment. The optimum probability threshold of 35% for the urban case results in a 
decrease of approximately 18% in the first page attempt success rate. The decrease in the 
urban environment was less due to presence of more severe shadowing. However, as more 
users are likely to be located in an environment with shadowing properties similar to 
those of highway, when selecting a probability threshold that gives less than 10% 
decrease in paging success it is the highway environment that should be given priority.
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5.9.2 Low mobile speed
The results so far indicate that optimum satellite paging can deliver a good success rate in 
urban and highway environments. However, as mentioned previously slower moving 
mobiles will have a lower paging success rate than faster moving mobiles. Shown in 
Figure 5-30 and Figure 5-31 are the results of the paging success rate for a mobile 
travelling at 15km/hr in an urban environment.
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Figure 5-30 ICO Paging su ccess  rate In urban at 
15km/hr
Figure 5-31 ICO Paging load In urban at 
15km/hr
The major difference between this graph and the one in Figure 5-30 is the decrease in the 
overall paging success rate. As expected the first paging step success rate for the two 
mobile speeds is approximately equal, however, further paging steps in the slow mobile 
case have a considerably lower success rate. The lowering of the success rate in the 2"  ^to 
5* paging steps also results in an increase in the overall paging load. Figure 5-32 and
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Figure 5-33 show the results for the same mobile in the highway environment. As 
blockage is not a major factor when considering the highest elevation satellite, decreasing 
the mobile speed does not have a significant impact on the paging success rate or load in 
this environment.
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Figure 5-32 ICO Paging su ccess  rate in 
highway at ISkm/hr
Figure 5-33 ICO Paging ioad in highway at 
15km/hr
However, the paging success rate of step 2-5 is noticeably reduced by approximately 7%.
5.9.3 Dual Satellite Paging
In this section paging through the highest and second highest satellites implementing the 
SPT scheme is analysed as a method of increasing the paging success rate of slow moving 
mobiles, therefore mobiles that do not move out of blockage to the highest satellite during 
the paging process due to their slow speed have the possibility of receiving the paging 
signalling through the second highest satellite instead. Figure 5-34 and Figure 5-35 show 
the results for diversity paging for a mobile in the urban environment moving at 15km/hr. 
The overall paging success rate is increased by approximately 6% when the second 
highest satellite is included in the paging process. The paging delay is also decreased as 
the first paging step success rate is approximately 9% higher using diversity paging.
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The 2^  ^ to 5**^ paging steps also offer a higher paging success rate than the optimum 
satellite case, however, again these success rates are significantly lower than the first 
paging rate due to the mobiles relatively slower speed. Shown in Figure 5-36 and Figure 
5-37 are the average diversity paging loads and success rates for a mobile travelling at 
15km/hr in the highway environment. As expected the signalling load is higher than for 
the optimum satellite paging case. However, the first paging step ( la  as shown in Figure 
5-25) success rate decreases at a much slower rate than the optimum satellite paging case, 
requiring a probability threshold of approximately 37% to realise a 10% decrease in 
paging success rate. This is due to the fact that paging signalling that would have not been 
received via the highest satellite due to the application of a SPT now has a chance of 
being received through a spotbeam on the second highest satellite. A minimum load of 
approximately 2.2 can be achieved within the constraint of the first paging step success 
reduction of 10%. The value of load is beginning to become comparable with the 
optimum satellite paging case where the minimum load that can be achieved (within the 
10% reduction constraint) is approximately 2.5. However, this is achieved by the paging 
signalling being received through the second highest satellite, and as the channel 
deteriorates at lower elevation angles, and subsequently requires a higher Ey/No (as shown 
in Chapter 4), it can be concluded that it is less efficient than the paging signalling being 
received from the highest satellite and therefore is not an efficient paging scheme for this 
type of environment.
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5.9.4 Optimum and Dual satellite hybrid paging scheme
It has been shown that the paging success rate in the highway environment is perfectly 
acceptable using only the highest satellite. Furthermore, it is envisaged that only a small 
percentage of users will be located in the urban environment (due to the highly likely 
presence of cheaper terrestrial coverage). Given that the success rate of the first paging 
step is very high in the highway environment using only highest satellite, including the 
second highest satellite in subsequent paging steps would not realise a large increase in 
paging load. Furthermore, it also removes the inefficiency of the terminal responding to 
paging from the second highest satellite in the diversity paging scheme when the SPT 
scheme is implemented. Therefore, a hybrid paging scheme would seem to provide a good 
compromise. Paging signalling is transmitted through only the highest satellite in paging 
steps la  and lb. In paging steps 2 through 5 the second highest satellite is also used. 
Shown in Figure 5-38 is the success rate of the hybrid paging scheme in the urban 
environment. The success rate is approximately 1-2% lower than that of the diversity 
paging scheme, as expected due to the removal of one paging step from the second 
highest satellite.
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Figure 5-40 and Figure 5-41 show the paging success rate and load of the hybrid scheme 
in the highway environment. The resulting paging load is virtually unchanged from the 
optimum satellite paging scheme described earlier. This is, of course, due to the fact that 
first step paging involving only the highest satellite has a very high success rate, therefore 
the probability of further paging steps involving the second highest satellite also is very 
low.
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Figure 5-41 ICO hybrid average paging load In 
highway at 50km/hr vs SPT
5.10 Probability thresholds and paging delays
So far in this chapter a typical value of 10% has been suggested as an acceptable decrease 
in the first step paging success rate due to intelligent paging methods. From the previous 
analysis on the optimum, dual and hybrid satellite paging schemes it is apparent that the
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hybrid scheme offers a good compromise between the overall paging load and success 
rate in both types of environment. Therefore, in the following sections the hybrid scheme 
is analysed in terms of the SPT and overall paging delays.
Figure 5-42 shows the variation in SPT required to achieve a 5% and 10% first paging 
step success rate reduction and the probability threshold required to achieve the minimum 
paging load, with location area radii in the highway environment. It can be seen from the 
graph that the three thresholds become very similar at large location area radii.
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Figure 5-42 SPT vs location area radius
Figure 5-43 shows the overall paging delay vs. location area radii with the application of 
the various spotbeam probabilities. Also shown is the paging delay resulting from the 
application of the probability threshold that results in the minimum load. These delays 
include the transmission, paging group (Section 5.3.4), and retransmission delays. The 
overall paging delays are low in this environment, in fact although the application of the 
optimum probability threshold results in nearly 3 times the paging delay at 600km the 
resulting delay is still small, at much less than one second.
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Figure 5-43 Paging delay vs location area radius in the highway environment at 50 km/hr
Figure 5-44 shows the variation in paging signalling load with location area radii and 
spotbeam probability. From the graph the reduction in paging signalling between the 5% 
success rate reduction and optimum probability threshold is very small when compared 
with the 0% case.
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Figure 5-44 Paging signalling load vs location area radii (highway)
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Figure 5-45 SPT vs location area radius in the urban environment
Shown in Figure 5-45 are the SPTs that result in 5%, and 10% reduction in the first 
paging success rate, and the SPT that results in the minimum paging load, for the urban 
environment. As would be expected the minimum load probability threshold curve is the 
same as the highway environment.
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Figure 5-46 Paging delays in the urban environment at 50km/hr
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The probability threshold required to reduce the first paging step by 5% and 10% is higher 
than the highway case due to the increased probability blockage, thereby requiring a larger 
probability threshold to realise a given decrease in the first paging step success rate.
Figure 5-46 shows the corresponding paging delays in the urban environment. Obviously 
the paging delay is much larger in this environment. As expected, the increase in paging 
delay due to application of a SPT are of the sane order of those in the highway 
environment.
Figure 5-47 shows the corresponding paging loads for each SPT over a range of location 
area radii. Again, there is no significant difference between paging loads resulting from 
probability thresholds greater than 0%.
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Figure 5-47 Paging signalling loads in the urban environment at 50km/hr
5.11 Combined environment
From the results and discussion in the previous section it can be concluded that an SPT 
resulting in a 5% decrease in the first paging step success rate is an ideal candidate 
scheme, as it results in a low increase in paging delay and achieves a lai'ge decrease in 
paging signalling load. Obviously the network does not know which environment the user 
is located in therefore leaving uncertainty as to what threshold to apply.
Figure 5-48 shows the variation of SPT required to achieve a 5% reduction first step 
success reduction against the percentage of users in the highway environment for different
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location area radii. From the graph it appears that at location area radii larger than 300km 
the distribution of users between environment has little effect on the required SPT.
Figure 5-48 5% su ccess  rate reduction SPT vs % of users in highway env.
As described before, since users are more likely to be located in a highway type 
environment and the application of the urban 5% reduction paging SPT in the highway 
environment will result in a first step paging success rate decrease of greater than 5% in 
this environment, it is considered more appropriate to adopt the highway thresholds when 
paging.
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Figure 5-49 and Figure 5-50 show the overall paging load and delay variation with the 
user distribution between the two environments implementing the highway SPTs. The
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increase in paging load in the urban environment due to the application of the optimized 
highway SPTs is very small. In fact, the delays in the urban environment are now very 
slightly lower.
5.12 Conclusions
This chapter has analysed the paging signalling load. Three sources of paging redundancy 
were highlighted. Subsequently, two techniques to reduce the paging load were proposed. 
Firstly, the virtual paging cell technique coupled with an SPT was presented and shown to 
achieve significant reductions in paging load. Although this technique was applied to the 
dynamic location area, it could equally be applied to the fixed cell approach to location 
management by altering the cell occupancy probabilities. The reduction in paging load 
will not be as large as the dynamic location area, as VPC’s in the outer rings will have a 
larger occupancy probability, however the paging load results using a probability 
threshold of 0% are directly applicable to the fixed cell location area technique and will 
be used later in the next chapter.
Secondly, the performance of three satellite paging schemes coupled with the spotbeam 
probability method was analysed in two types of satellite fading environment. A hybrid 
paging scheme initially involving the highest and on subsequent paging steps the second 
highest satellite combined with the SPT was found to give good performance. In 
particular, the spotbeam probability resulting in a 5% reduction in paging load gives a 
good trade off between reduction in paging load and increase in paging delay. These 
results will be coupled with location updating load results in the next chapter to arrive at 
an optimised location area radii to achieve the minimum number of bursts transmitted via 
the satellite.
When analyzing the impact of the satellite constellation on the paging load, two main 
factors must be considered. Firstly, the spotbeam size determines the average paging load 
per satellite. In general the intelligent paging realizes larger load reduction with increasing 
location area to spotbeam size ratio. Secondly, the average elevation angles of the 
satellites in the constellation will determine how successful paging events will be in the 
fading environment. Taking Globalstar as an example, from Figure 5-1 the paging load is 
comparable with that of the ICO system. However, from the results in Chapters 2 and 4 it
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is clear that the Globalstar constellation is not as good at combating blockage as the ICO 
constellation. Therefore, one would expect the paging load to increase, in particular the 
urban environment increase would be larger than the highway.
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CHAPTER 6
Location update signalling
6.1 Introduction
Location updates allow the network to track mobiles roaming in the network. The 
network can forward calls to the terminal if it knows the location area in which it is 
currently located. Subsequently, the mobile is required to update its location when it 
crosses its current location area boundary.
The rate at which mobile terminals make location update depends on the type and size of 
the location area and the mobility of the user. As the location area size decreases the 
location update signalling load increases. Subsequently, as paging message destined for a 
mobile terminal are transmitted only in the mobile terminals current location area a trade­
off between location update signalling and paging signalling can be achieved through 
careful selection of location area size based on the mobility of the users.
6.2 Dynamic location update rate
With the dynamic location area scheme, the position of each user’s location area is 
relative to the user and not to any given network entity. The Location Update Rate (LUR), 
therefore, is simply given by;
LUR = Y  (6.2-1)
where T is the location area radii (km) and v is the mobile velocity in (km/h). This 
method of evaluating the LUR assumes that the network has no other way of updating the 
location of a user other than through the location update signalling procedure. Given that 
the network can determine the position of a user during a call [ZHA095] the location 
update rate can be reduced if the network updates the position of the user on each user
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terminated and originated call. Also, as highlighted in [ZHA095] the position information 
can be gained without the requirement of any extra signalling on the air interface.
Assuming that the occurrence of mobile originated and terminated calls have a Poisson 
distribution the probability of not receiving a call in t hours after any point in time is 
given by (complementary probability distribution function);
PNoCal. = (6.2-2)
where X is the call (user originated + terminated) arrival rate (calls/hour). Therefore, 
assuming that the location of the user was updated during the last call, the probability of a 
mobile making a location updatQ following after a call is;
(6.2-3)
%oCall -  G
As a location update must follow either a previous location update or call then the 
following holds;
^LUfollowsCall ~  1 “  ^LUfollowsLU  ^ ^
Therefore, the rate of location updates following a call, is given by;
R^f^LocationUpdatesafterCall ~ LUR
(6.2-5)
As the probability of a location update following a call is given by (6.2-3) then the rate of 
location updates following a call, is also;
( ~ m  (6.2-6)
^^RLocationUpdatesafterCall ~  ^
Equating (6.2-5) and (6.2-6);
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LUR =
r -2T) (6.2-7)
AA '' /
Although it would seem that the location update rate increases in proportion to the call 
arrival rate, the exponential function in the numerator dominates for large X resulting in a 
decreasing LUR. As À.->0 (i.e. no calls) the exponential function can be approximated 
(ignoring x  ^and higher power terms) by;
Substituting equation (6.2-8) into (6.2-7) results in;
(6-2-9)
LUR = ^ 2
However, as X—>0, (6.2-9) becomes equal to (6.2-1).
The location updating rate for mobiles of various velocities, call arrival rates and location 
area radii were simulated. The comparison between the analytical results given by (6.2-7) 
and simulation results are shown in Figure 6-1.
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Figure 6-1 Simulation and analytical location update rate comparison
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Figure 6-2 Location update rate variation with call rate
Figure 6-2 shows the impact of the call rate on the location update rate for a location area 
radius of 300 km. It can be seen as the call rate increases the location update rate can be 
significantly reduced. In fact for low mobile speeds with a high enough call rate location 
updating can be virtually eliminated.
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6.3 Fixed location area update rate
Based on similar mobility assumptions[YEU96] the location update rate of a fixed cell 
size is given by;
LUR = 2 vttT
(6.3-1)
As the location areas are fixed relative to the surface of the earth and not the mobile 
terminal, the location update rate is unaffected by the call rate.
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Figure 6-3 Dynamic and fixed LUR for 1.2 
calls/hour.
Figure 6-4 Dynamic and fixed LUR 
comparison
Figure 6-3 shows a comparison between the rate of updates for the two location area 
definition techniques. For the dynamic location area technique a call rate of 1.2 calls per 
hour is assumed. From the graph it is apparent that the dynamic location area location 
update rate is less only at lower mobile speeds. This is because the rate at which the 
location update rate increases with mobile speed is smaller for the fixed location area than 
the dynamic location area (by a factor of 2/n). However, at lower mobile speeds the 
dynamic location area technique offers a lower location updating load since it can exploit 
the call rate to reduce the location updating rate. For a given (v/F) Figure 6-1 gives the 
call rate which results in the two schemes giving the same LUR. At call rates greater than 
this value the dynamic location area approach gives lower update rates and at call rates 
less than this the fixed location area has a lower LUR.
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6.4 Signalling Exchange
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Figure 6-5 Location update signalling exchange
The Figure 6-5 describes the adapted GSM signalling exchange taken from [GSM04.08] 
between the mobile terminal and the FES during a location update. As sensitive 
information pertaining to the location and identity of the user is passed between the FES 
and mobile terminal full authentication and ciphering is required. The content of each 
message and the differences between the equivalent GSM message contents are described 
in Appendix 5.
6.5 Layer 2 messages
The signalling exchange given in the previous section is known as the Layer 3 (L3) 
signalling exchange. As in all forms of communications through a channel, errors often 
occur in the messages being passed. To overcome the problem it is common practice to 
implement an Automatic Repeat reQuest (ARQ) scheme. The ARQ scheme works at layer
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2 which is known as the High Level Data Link Control layer (HDLC). An ARQ 
effectively determines if a given message has been received correctly at the receiver. If the 
message was not received correctly the transmitter automatically re-transmits the 
message. The receiver can determine if the message has been received correctly by 
performing a Cyclic Redundancy Check (CRC) check or Backward Error Correction 
(EEC). GSM adopts the latter scheme as from a bandwidth point of view it is more 
efficient.
Due to limitations in the amount of information that can be transmitted in a single burst 
on the air interface it is often necessary to split a layer 3 message up into several frames as 
shown below in Figure 6-6. How the ARQ scheme ensures that each frame is transmitted 
and received correctly is explained in the following sections. Each frame includes a more 
bit, when this bit is zero it indicates that it is the last frame in a layer 3 message. Once a 
peer has received error free frames that form a complete layer 3 message, it is passed up 
to the high layer.
layer 3  Upper layer message
Segmentation
layer 3
2 ----------------------------------------------------------------------------------
M 1 M 1 11 N
V -
re-assembly 
-------- 1 ------------1
 ^ Upper layer message
Direction of 
transmission
Figure 6-6 Layer 3 to Layer 2 m essage segmentation
6.5.1 Frame Structure
To facilitate the handling of frames with errors certain HDLC signalling bits are added to 
each transmitted frame. Shown in Figure 6-7 are the layer 2 control bits used in GSM 
LAPDm [GSM04.05]. The different frame types, their function and the content of each of 
the fields within them are described below.
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SAPI N(S) P/F N(R) I frame
N(S) P /F RS S frame
P/F U frame
Figure 6-7 GSM LAPDm control bits
6.5.1.1 Address Field
On the radio interface it is possible for one or more independent flows to exist 
simultaneously (e.g. SMS message transfer and signalling messages). The flows are 
distinguished by a link identifier called the SAPI (Service Access Point Identifier). In 
LAPDm the SAPI can take on two different values. These are 0 for signalling messages 
and 3 for transfer of SMS messages.
6.5.1.2 Control Field
There are three types of frame, the Information (I), Supervisory (S) and Unacknowledged 
(U) frames. I frames contain information to be transmitted from the higher protocol layers. 
S frames contain acknowledgement information pertaining to the successful reception of a 
given I frame. U frames are the same as I frames except the receiving peer does not 
generate an S frame upon reception. These types of frames are used in the broadcast 
channel such as the BCCH, PACH etc. The peer sending a layer 3 message uses an I 
frame in acknowledge mode or U frames in unacknowledged mode. Upon reception of an 
I frame a peer can acknowledge with an S or an I frame. The latter allows the peer to 
piggy back information with an acknowledgement for an earlier received I frame.
6.5.2 Send, Acknowledge and Receive state variables
Each peer in the data link connection has associated with it a send state variable (V(S)). 
The send state variable denotes the sequence number of the next in-sequence I frame to be
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transmitted. The V(S) can take on values between 0 and 7 and is increased by 1 with each 
successive I frame transmission (cyclic when the frame number exceeds 7). The 
acknowledge state variable (V(A)) identifies the last frame that has been acknowledged 
by its peer. Although V(S) is increased by one with each I frame transmission it cannot 
exceed V(A) by more than a maximum number (window size = k) of I frames that have 
not yet been acknowledged. As V(S) and V(A) values are restricted to between 0 and 7 to 
avoid ambiguities arising in unacknowledged I frames k can only take on values between 
l ^ k < 7 .
When using S frames the receive state variable (V(R)) identifies the sequence number of 
the next expected I frame from its peer.
When a peer transmits an I frame, the N(S) field is set equal to the current value of V(S). 
When a peer transmits an S or I frame as an acknowledgement for a correctly received I 
frame, the N(R) field contains the N(S) field of the I frame that is being acknowledged.
All frames contain the Poll/Final (P/F) bit. The P and F bits are always exchanged in 
pairs. These bits are used by the transmitting peer to determine if the receiver is in the 
Receiver Ready state (RR).
6.5.3 SABM and DISC.
To begin the signalling transactions the multi-frame mode is established by the terminal 
sending a SABM (Set Asynchronous Balanced Mode) as shown in Figure 6-5 and the FES 
responding with a UA frame. In a similar way to setting up the link, release is performed 
by the terminal sending a DISC frame and the FES acknowledging it with a UA frame. To 
use the channel as efficiently as possible this message is combined with the initial 
message (in this case location update request).
6.6 Burst pay load and channel rate
Figure 6-8 shows the structure of a TDMA burst, used for signalling on the DCCH. Using 
the TDMA frame structure presented in Chapter 3,11 octets of information can be carried 
in one burst.
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Figure 6-8 Signalling burst payload
The re-occurrence time of the DCCH and the RACK is assumed to be 320ms (i.e. 1 burst 
every 8 TDMA frames). This allows for a full round trip delay between the mobile and the 
FES, plus 2 additional TDMA frames. The DDCH channel rate is increased by increasing 
the window size, e.g. when a window size of 4 is used the channel re-occurrence time of 
the DCCH is 320ms/4 = 80ms.
6.7 ARQ Schemes
To simplify the receiver architecture in the terminal GSM implements a window size of 1 
which results in a Send And Wait (SAW) protocol and does not allow the receiver to enter 
the Receiver Not Ready (RNR) state. In this scheme the transmitter sends a frame and if 
an acknowledgement for the frame is not received within a specific time the frame is re­
transmitted. During the time-out period no other I frames are transmitted. In [XHB96] the 
performances of several ARQ schemes over the mobile satellite channel were analysed for 
the call set-up procedure. It was shown that the Selective Re-Transmission (SRT) protocol 
[TAN89] resulted in the most efficient use of the channel for call set-up signalling. 
Therefore, the performance of the SRT algorithm in the transfer of location update 
signalling is analysed in this chapter.
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Figure 6-9 SRT ARQ protocol with a window size of 4
The main difference between the SRT and other ARQ schemes is that frames do not have 
to be received in sequential order. This can introduce certain problems not present in other 
ARQ schemes. For instance consider the N(S) and N(R) fields in GSM LAPDm, as these 
are only 3 bits in length the frame numbers are modulo 8, therefore the window size can 
be as large as 7. If the transmitter sends frames 0 through to 6, with a window size of 7 
the receiver can accept any frame with a sequence number between 0 to 6 inclusive. If all 
seven frames are transmitted and received correctly, the receiver will acknowledge them 
and advance its window to allow receipt of 7,0,1,2,3,4 or 5 and all seven buffers are 
marked empty. However consider what happens if, for example, the acknowledgement of 
frame 0 is lost. The transmitter will eventually time out and retransmit frame 0. When the 
frame arrives at the receiver it is within its receive window, and unfortunately is accepted. 
So the receiver has made the error of accepting the retransmitted frame 0 as a new frame
0. Consequently, when the packet is re-assembled and passed to the higher layer the 
protocol will fail.
The way to resolve the problem is to ensure that when the receiver advances its window 
there is no overlap with the old window. For example, if three bits aie used for sequence 
number (GSM LAPDm), only four unacknowledged frames should be outstanding at any 
instant. Now if the receiver has just accepted frames 0 to 3 and advances its window to
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allow reception of frames 4 to 7, it can unambiguously tell if subsequently received 
frames are re-transmissions. Therefore, the maximum window size permitted for the SRT 
protocol using the GSM LAPDm structure is 4. In the following sections windows sizes 
up to 7 are analysed, as although it is beneficial to reuse the GSM protocols as much as 
possible, changes maybe required to achieve an acceptable quality of service.
6.7.1 Signalling message transaction implications
Due to the transaction type nature of the layer 3 signalling exchange, a peer does not 
always have I frames to transmit. Furthermore, due to the size of the layer 3 messages the 
number of frames to be transmitted can often be smaller than the window size. When this 
happens replication of frames within the window occurs. Consider the case when the 
window size is 2 and the length of the layer 3 message to be transmitted is only one 
frame. In this case the frame is transmitted twice within the window. Although this 
appears to be inefficient it can be used to overcome errors in the channel.
6.8 Location update signaliing performance
The evaluation of the location update signalling is carried out using part of the satellite 
channel model implemented to evaluate paging signalling. It is assumed that during 
location update signalling the attenuations due to spotbeam power roll-off and multipath 
fading are perfectly compensated by power control. However, shadowing due to blockage 
is considered too severe for any reliable communications to occur (as shown in Chapter 
4). Therefore, any packets that are transmitted in the bad state are considered to be lost. 
Furthermore, it is assumed that the location update signalling is performed via the highest 
elevation angle satellite. Further parameters used in the simulation are given in Appendix 
6.
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Figure 6-10 LU delay vs window size and BER in the urban environment
Figure 6-10 shows the variation of location update signalling delay in the urban 
environment with BER and window size. It can be seen from the graph that increasing the 
window size does reduce the signalling delay. Furthermore, it would also appear from the 
graph that a BER of 10'^^ before coding gives a reasonable performance. Further increases 
in the BER do not appear to yield any significant improvement in performance. Figure 6- 
11 shows the number of bursts sent on the RACH,AGCH and the DCCH to complete the 
location update signalling exchange. As this is a TDMA system being analysed increasing 
the Window size from 1 to 2 effectively means that the required capacity of the DCCH is 
doubled (i.e. the maximum number of simultaneously allocated DCCH is halved). From a 
satellite resource point of view it is more efficient to use a window size of 1 as this results 
in the minimum number of bursts being exchanged. However, as location update 
signalling for the most part takes place without user interaction (thus the delay is not 
critical) it can occur when the mobile terminal is switched on and it is very likely that the 
user is performing this action in order to make a call. Therefore, frequent long location 
update delays would compromise the quality of service delivered to the user. Results from 
measured data presented in [TAB97] show that the location updating delay in the GSM 
network is typically between 1 and 3.5 seconds based on the network load. This delay 
range should be considered a benchmark for location updating delay in an S-PCN system. 
From the results the Window size can significantly reduce the location updating delay.
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The decrease in signalling delay with increasing window size is not as large as those 
reported in [XHE96] for call set-up signalling due to the relatively small message size of 
location updating messages.
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Figure 6-12 LU delay vs Window size and BER in the highway environment
Figure 6-12 shows the variation in location update signalling delay with changing 
Window size and BER in the highway environment. Generally the delays are much lower 
than that of the urban environment due to the reduction of blockage. Again the window
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size can reduce the signalling. Figure 6-13 shows the number of bursts required to 
complete the location updating sequence in the highway environment.
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Figure 6-13 LU signalling load vs window size and BER in the highway environment
These results are used in the following sections to determine the optimum location area 
radii.
6.8.1 Elevation angle dependence
The location updating delay is highly dependent on the elevation angle of the satellite as 
shown in Figure 6-14 and Figure 6-15. The more severe shadowing in the urban 
environment again leads to longer delays. However, at the latitude being considered the 
worst case elevation angle is very close to 35°. Figure 6-15 shows the variation in location 
update delay with window size and elevation angle in the highway environment. 
Shadowing is much less prevalent which leads to lower delays. Shadowing is so scarce 
above 35°that the location updating delay appears to be relatively unaffected by the 
increase in elevation angle. In fact all the average delays at all elevation angles are 
equivalent to that of GSM.
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Figure 6-15 LU delay vs. window size  and 
elevation angle in the highway environment
From the results presented it would appear that a window size of 2 with an BER of 
before coding, results in a signalling delay that is acceptable in both types of environment.
6.9 Location update and paging signalling trade-off
In this section the optimum location area radii to achieve the minimum number of bursts 
transmitted on the air interface is found. This is performed by combining the results in 
this chapter with the paging load results from the previous chapter to arrive at the total 
Mobility Management (MM) signalling load. The total signalling load is formed by 
adding the location update and paging signalling. A similar approach based on layer 3 
signalling without the application of any load reduction techniques, has been presented in 
[CUL95] and [SAM94].
The major parameters for the layer 2 signalling evaluation are as follows;
1. Mobile velocity of 50km/hr (unless otherwise specified)
2. Call arrival rate 0.6 per hour, terminated rate 0.6 per hours (equivalent to 0.04 Erlang).
3. Dynamic location area
4. Spotbeam paging threshold that results in 5% decrease in paging success rate in 
highway environment.
5. Two paging messages per burst (see Chapter 7 and Figure 6-8).
6. DCCH Window size = 2 , BER before coding = 10"^ ^^ .
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Further parameters are given in Appendix 6.
6.9.1 No call updates
In this section the trade-off between location update and paging signalling is evaluated. 
When no location updating is performed on user terminated calls. Figure 6-16 shows the 
signalling trade-off in the urban environment.
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Figure 6-16 Urban MM signalling trade-off
From the graph it is clear that the minimum signalling load is achieved at a location area 
radius of approximately 500km. The increase in signalling load caused by the application 
of a larger location area radius is relatively insignificant when compared to the application 
of a smaller one, where an increase of approximately 150% can occur. This is due to the 
fact that the location update signalling increases at a much greater rate when compared 
with that of the paging signalling.
Figure 6-17 shows the signalling trade-off for the highway environment. The minimum 
signalling load point occurs at a location area radius of aiound 750km. The increase in 
signalling load caused by a larger than optimum location area radius is even more 
insignificant than in the urban case, due to the fact that the paging signalling does not 
increase at as great a rate in this environment. As would be expected, the minimum
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signalling load in the highway environment is much less than that in the urban 
environment.
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Figure 6-17 Highway MM signalling trade-off 
6.9.2 Position update on calls
In this section it is assumed that location updates occur on user terminated and originated 
calls without any extra signalling overhead. Figure 6-18 shows the signalling trade-off for 
a mobile in the urban environment. It is clear from the graph that the optimum location 
area radius is approximately 250km. The minimum point is enclosed by steep gradients 
on either side. In particular for location area radii less than 250km the signalling loads can 
increase quite dramatically leading to a potential increase in signalling load of over 400%.
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Figure 6-18 Urban MM signalling
Figure 6-19 shows the equivalent graph for the highway environment. Interestingly, the 
minimum signalling load occurs around approximately the same value as the urban 
environment at -300km.
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Figure 6-19 Highway MM signalling at 50km/hr
Again, application of a small location area radius (e.g. 100km) can result in signalling 
load increase of almost 700%. For location area radii larger than 300km the increase in 
signalling load is not as dramatic as found in the urban environment. This is due to the
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fact that paging signalling dominates in this area which has a significantly lower load in 
the highway environment. When the paging load shown is compared with that given at the 
end of Chapter 5, it is apparent that the paging load presented here is significantly lower. 
This is because the intelligent paging algorithm in Chapter 5 was optimized based on the 
premise that the location of a user is only updated at location updating time. However, 
now location updating can occur on user calls, which results in reducing location update 
rates at larger location areas, i.e. the terminal is less likely to reach the edge of the 
location area. As the intelligent paging algorithm tends to page through spotbeams that 
cover the central region of the location area, the first paging step has a higher probability 
of success, therefore the paging load is reduced. This load reduction effect is not as 
significant in the urban environment due to the increased shadowing and a higher 
probability that the second satellite will be involved in the paging.
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Figure 6-20 Highway MM signalling at 100km/hr
Figure 6-20 shows the signalling load trade off for a mobile again in the highway 
environment but now travelling at lOOkm/hr. It is clear from the graph that the minimum 
signalling point has now shifted to around 450-500km. In this case, the application of a 
small location area radius can lead to an enormous increase in signalling load (i.e. nearly 
1500%), the location update signalling being so dominant due to the increase in speed. 
Again, at location areas larger than the optimum the increase in signalling load is not so
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significant as for values less than the optimum. Furthermore, the application of a location 
area radius optimised for a mobile speed of 50km/hr only results in a very small increase 
in signalling load (i.e. -8%).
Again, in these results the paging load is lower than that presented in Chapter 5. The 
reduction is not so significant as before since the mobile is now travelling at lOOkm/hr, 
and is therefore more likely to reach the edge of the location area.
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Figure 6-21 Highway MM signalling at 100km/hr, with 2.4 calls/hours
Figure 6-21 relates to a mobile again in the highway environment travelling at lOOkm/hr, 
but now a call arrival and terminated rate of 2.4 calls/hours is assumed (0.08 Erlang). The 
impact on the results is two fold. Firstly, the paging signalling is increased due to the 
higher call arrival rate, however, the location update signalling load is reduced because of 
the overall increase in calls. This results in the optimum location area radius again 
occurring around the 250km-300km mark. As before, the gradient of the graph for radii 
values less than 250km is extremely steep. In fact a radius of 100km could result in an 
increase in signalling load of approximately 550%.
6.10 0% spotbeam threshold paging
In this section total signalling load is evaluated when no intelligent spotbeam paging is 
performed. Figure 6-22 shows the signalling trade-off results for a mobile with the same 
characteristics as that shown in Figure 6-18. Again, the optimum location area radius
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occurs around 250km. But when this graph is compared more closely with Figure 6-18 it 
is clear that the overall load has increased by nearly 45%. Furthermore, the increase in 
signalling load for location area radii larger than 250km is much less significant when 
intelligent spotbeam paging is implemented. When intelligent spotbeam paging is not 
implemented the application of a 650km radius results in an increased signalling load of 
4.5 bursts/hour, however when implemented the increase is only 3 bursts/hours.
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Figure 6-22 Urban MM signalling at 50km/hr
Figure 6-23 relates to the same type of mobile in the highway environment. Again, the 
minimum signalling load point is relatively unaffected by the change in environment, but 
the value of the minimum signalling load has increased by approximately 65% when 
compared with intelligent spotbeam paging. The increase in signalling load for location 
area radii larger than 250km is much more significant. In fact the increase in the 
signalling load for the highway environment is much greater than the increase in the urban 
environment. This is because intelligent spotbeam paging has a greater impact in the 
highway environment due to the high success rate of the first paging step.
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Figure 6-23 Highway MM signalling at SOkm/hr
It can be concluded from the results in this section that the benefits of intelligent 
spotbeam paging regarding the total mobility management signalling load are two fold. 
Firstly, the overall signalling load is reduced by approximately 45-65% depending on the 
environment. Secondly, intelligent spotbeam paging reduces the impact of increase 
signalling load when a non optimum location area radius is implemented, particularly 
when the radius is larger than the optimum value.
6.11 Fixed Location Area
In this section the fixed location area approach is compared with the dynamic location 
area approach. Although the intelligent spotbeam paging results in Chapter 5 relate to the 
dynamic location area, when intelligent spotbeam paging is not implemented the paging 
results are applicable to a fixed location area of the same size. Furthermore, due to the 
similarity in the location update signalling exchange between the two techniques (i.e. the 
longitude and latitude is replaced by a location area ID) it is assumed that the signalling 
load for a single location update is the same for each method. However given the different 
definition of the location area boundary the rate of location updates is now determined by 
Equation 6.3-1. Figure 6-24 shows the mobility management signalling trade off for a 
mobile with the same parameters as given for Figure 6-18, except for the change in 
location area definition. It should be noted again here that the user call rate does not have
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an impact on the location update rate. For a fair comparison between the two techniques 
the results in this section should be compared with the results in section 6.10 and not 
those in section Figure 6-10 as the latter uses intelligent spotbeam paging.
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Figure 6-24 Fixed location area urban MM signalling at 50km/hr
There are several striking differences between Figure 6-21 and Figure 6-24. Firstly, the 
minimum signalling load is now achieved with a significantly larger location area radius 
at approximately 450km. Furthermore, the gradients on either side of the minimum are 
not a severe as the dynamic location area case. This is due to the fact that in the above 
case the location update signalling load is much higher and decreases at a much slower 
rate against increasing location area radii when compared with the dynamic location area 
update rate. This increase in location update signalling load also results in an overall 
higher total signalling load (-  300% increase). The shape of the curve is much more 
forgiving than the dynamic location area with increased signalling loads due to the 
application of a non-optimal location area radius, however, upon analysing Figure 6-21 it 
would require an error of approximately +550km or -150km to realise a signalling load 
equivalent to the minimum load achievable using the fixed location area technique.
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Figure 6-25 Fixed location area highway MM signalling at 50km/hr
Figure 6-25 shows the total signalling trade off for a mobile in the highway environment. 
The graph exhibits the same trends as the urban case. The minimum signalling load can 
be achieved using a similar value of location area radius at approximately 450km-500km. 
As expected, the minimum signalling load is also lower although it is almost over three 
times greater than the equivalent load for the dynamic location area method.
Figure 6-26 shows the signalling trade off for a mobile in the highway environment but 
now travelling at a speed of lOOkm/hr. The increase in speed causes an increase in the 
location updating rate which causes the minimum signalling load point to be shifted to a 
location area radius of approximately 650km. However, the increase in signalling load 
due to the application of a 450km radius (optimised for 50km/hr) yields only a very small 
increase in signalling load. This is particularly beneficial for the fixed location area 
technique as the size of the location areas cannot be varied on a user per user basis as with 
the dynamic location area method.
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Figure 6-26 Fixed location area highway MM signalling at 100km/hr 
6.12 Conclusions
This chapter has analysed the location updating rate of the fixed cell and dynamic location 
area approach to user location tracking. A location updating rate formula was derived for 
the dynamic location area method that accounts for changes in the mobile terminal’s 
speed and call rate.
Subsequently, an analysis of the layer 2 location update signalling was performed. GSM 
layer 2 and 3 signalling protocols were used as a baseline. The SRT ARQ scheme was 
simulated as this is known to give very good performance. Location updating delays 
similar to those encountered in GSM networks can be achieved by careful selection of the 
parameters controlling the ARQ scheme. Subsequently, the number of bursts required to 
complete the total location updating in two different environments was analysed. These 
results were combined with results from the previous section on location update rates, and 
results from the previous chapter on paging loads, to obtain the trade-off between total 
location update signalling and paging signalling. The results indicated that for mobile 
speeds of 50km/hr a location area radius of around 250km produced the minimum 
signalling load. Furthermore, at the speeds considered here the type of environment has 
little impact on the optimum location area radius.
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In order to evaluate the impact of the intelligent spotbeam paging presented in the 
previous chapter, the MM signalling trade-off was analysed using a 0% probability 
threshold. The results showed that the intelligent spotbeam paging can reduce the overall 
MM signalling by around 40%. Furthermore, it decreases the impact of high signalling 
loads due to the application of a non-optimal location area radius.
Finally, a comparison between the fixed and dynamic location area was performed. It was 
found that typically the fixed location area minimum signalling load was approximately 
200% higher than the minimum signalling load achievable with the dynamic location area 
scheme. However, the fixed location area scheme also showed itself to be relatively 
insensitive to non-optimal location areas in terms of increased signalling load. This 
feature is particularly beneficial to this scheme as the location area size cannot be varied 
on a user per user basis.
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TES Service Area
7.7 Introduction
When a mobile communication network receives a user terminated call, the call is routed 
to the Mobile Switching Center (MSG) that is associated with the user’s last registered 
location area. In the GSM system a location area is linked with only one MSC, therefore 
this routing strategy does not involve any further inter MSC re-routing during call set-up. 
Any further inter MSC handovers during the call are due only to the mobility of the user.
From the discussion in Chapter 3, a TBS in a non-geostationary S-PCN is highly likely to 
have MSC functionality or at least have a GSM MSC associated with it. On receiving a 
user terminated call it is preferable to route the call to a TBS that has a high probability of 
maintaining the call throughout its duration. Inter TBS handover during a call is highly 
undesirable as the handover is likely to involve international re-routing of the call to the 
new TBS. The re-routing of the call will have an associated delay and possible higher call 
charge rates as the new TBS may be owned by a different network operator, both of these 
properties compromise the quality of service to the user. Furthermore, if the TBSs are 
integrated into two different GSM networks using the A interface, in call handover will 
not be possible.
Unlike terrestrial networks, an inter MSC handover can be initiated not only by a mobile 
terminal but also by a stationary terminal, due to the dynamic connectivity property of a 
non-geostationaiy satellite constellation. As satellites come in and out of view, a mobile 
terminal will attempt to use the satellite providing the optimum channel even if this 
satellite does not have direct connectivity with the TBS that is currently handling the call. 
Restricting the user terminal’s choice of satellites only to those offering connectivity with 
the current TBS compromises the quality of service.
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In this chapter the network elements introduced in Chapter 3 are assumed. These are the 
Primary Earth Station (PES) and the Traffic Earth Station (TES). PES are responsible for 
the co-ordination and control of satellite resources. It is assumed that there are enough 
PES distributed around the globe to ensure that each satellite is always in view of at least 
one PES. The second type of FES is the Traffic Earth Station (TES). The TES is 
responsible for carrying S-PCN speech and data to terrestrial networks such as GSM, 
PSTN and ISDN. The results in this chapter refer to the TES type earth station.
7.3 Instantaneous Coverage Area
In transparent payload S-PCN systems a user terminal can communicate with a TES only 
when it has connectivity to the TES via a satellite. Connectivity between a mobile 
terminal and a TES is provided when the TES is above the minimum elevation angle of 
the satellite feeder link and the mobile terminal is above the minimum elevation angle of 
the user link.
Figure 7-1 ICO TES instantaneous coverage Figure 7-2 ICO TES instantaneous coverage  
area t=0. area t=6 hours.
As satellites in a non-geostationary orbit are continually moving relative to the surface of 
the earth, the area around the TES which currently has connectivity is continuously 
changing over time. Shown in Figure 7-1 and Figure 7-2 are two instantaneous 
connectivity areas at t=0 and t = 6 hours for a TES at 20° latitude in the ICO system. The 
diagrams demonstrate clearly how the effective service area around the TES is
meed Mobility M anagement Techniques for Satellite Mobile Communication Systems 137
dynamically changing. This type of dynamic service area contradicts the terrestrial 
definition where an MSC has a service area that does not change in time.
7A  Guaranteed Coverage Area
The re-use of GSM routing protocols in satellite PCNs is extremely important as this 
eases the integration of the two systems. To this end, the concept of the Guaranteed 
Coverage Area (GCA) was introduced in [SAID 15][FÏN96][ARA97] for S-PCNs. The 
GCA is defined as the area around the TES where a mobile terminal can connect to the 
TES via at least one satellite that is above the minimum elevation angle of the terminal 
and the TES. Although the instantaneous coverage area of the TES shown above will be 
larger than the GCA, outside the GCA region connection with the TES cannot be 
guaranteed. Therefore, while a terminal is roaming in the GCA of a TES, calls destined 
for the mobile are to routed the TES.
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Figure 7-3 ICO GCA Figure 7-4 Globalstar GCA
A network of TESs is presented in [SAID 15] for the Globalstar and in [ARA97] for the 
ICO systems respectively. The TESs are arranged to have minimal overlap between 
GCAs, while ensuring that each point on the earth’s land mass is covered by a GCA.
Shown in Figure 7-3 and Figure 7-4 are the GCAs for a TES at 40° latitude in the ICO
and Globalstar systems. The size and shape of the GCAs varies with latitude due to
elevation angle distributions changing with latitude. This method of defining a TES
service area, requires that the mobile terminal uses a satellite that is currently providing
connectivity with the TES. Connection with the TES through any satellite above the
minimum elevation angle of the terminal requires that the minimum elevation angle of the
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TES is lower than that of the terminal. This is the case with the ICO system, where the 
difference in minimum elevation angle between the TES and terminal results in an 
circular area of radius 550km around the TES, where a terminal can connect to the TES 
through any visible satellite. Outside of this region, while roaming in the GCA the mobile 
terminal may be required to use a satellite that is not optimal (i.e. highest elevation angle) 
or to use a satellite which is currently not available due to shadowing which becomes 
more prevalent at lower elevation angles (as shown in Chapter 4). These two cases could 
potentially lead to a TES handover, while inside the GCA of the TES. Furthermore, the 
average elevation angles of a constellation are often used as a measure of performance, to 
prevent a mobile terminal from using the highest satellite would effectively degrade the 
performance of the constellation. Moreover, as shown in Chapter 4 the second highest 
satellite on average requires approximately 2dB-4dB more power than the highest satellite 
does due to multipath fading.
7.5 Optimum Satellite Connection Area
As described in the previous section the GCA requires the terminal uses a satellite that is 
currently providing a connection to the TES, not the satellite that the terminal is most 
likely to use. As shadowing becomes more prevalent at lower elevation angles the satellite 
with the highest elevation angle to the terminal is the most likely to be providing a good 
channel.
Shown in Figure 7-5 and Figure 7-6 are the areas around a TES at 40° latitude in the ICO 
and Globalstar systems, where a terminal can connect to the TES through the satellite 
with the highest elevation with regard to the terminal. When compared with Figure 7-3 
and Figure 7-4 respectively the extent to which the GCA restricts the terminal from using 
the highest satellite becomes clear.
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In particular, when Figure 7-4 and Figure 7-6 are compared it is clear that optimum 
satellite coverage area extends to a higher latitude than the GCA, this is due to the fact 
that a satellite is not always available above 70° latitude in the Globalstar system, 
therefore the GCA does not include this region in its definition since connection with the 
TES cannot be guaranteed. However, the optimum satellite coverage area is concerned 
only with the highest satellite losing connectivity with the TES. Although a terminal may 
not always have a satellite visible above 70° latitude, when one or more satellites are 
visible connectivity with the earth station is guaranteed through the highest satellite, in the 
region shown in Figure 7-6.
7.6 Optimum Sateiiite in-Caii TES handover
In this section the probability that the highest satellite with regard to the terminal will lose 
connectivity with the TES during a call and therefore induce a TES handover is evaluated. 
Calls within the 100% connectivity area will always be completed without loss of TES 
connectivity. To evaluate loss of connectivity with a TES during a call in regions of less 
than 100% connectivity, the duration of the connection periods in relation to the call 
length must be considered.
Consider a connection period i, where the user terminal is connected to a TES via the 
highest satellite for a period Ct seconds. Assuming that the call distribution length is a 
negative exponential with a mean of m seconds, and that the starting point of each call is
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uniformly distributed within the connection period, then the probability of a call 
completing within the connection period is given by;
Ct{i}^T (7.6-1)
The overall probability of a call successfully completing without loss of connectivity with 
the TES, requires that the call begins in a connection period and is completed within the 
same connection period.
  Connected to TES ----  Connected to TES -----------------  Connected to TES — ► Tim e
Î
Terminal and TES connection periods
Figure 7-7 Terminal and TES connection periods
Therefore, the probability of a call completing successfully within a series of N different 
connection periods (as shown in Figure 7-7) is given by;
N (7.6-2)
PNoFES Handover = X  ^ CompleteO} ^ Connect {i} i=l
Where Pconnectf*} is the probability of the connection period i occurring. Shown in Figure 
7-8 and Figure 7-9 are the successful call (m = 120 seconds) completion rates for TES at 
40° latitude in the Globalstar and ICO systems.
When Figure 7-5 is compared with Figure 7-8 it is clear that there is little difference 
between the connection probability and successful call completion probability. Therefore 
it would seem that the connection periods are significantly longer than the call duration. 
However, this is not the case when Figure 7-6 and Figure 7-9 are compared. The 
successful call completion rate area is noticeably smaller than the connection probability 
area, indicating that the connection periods are nearer to being of the same order as the 
call duration periods, since the average duration of an ICO satellite pass is much longer 
than that of a Globalstar satellite.
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Also comparing Figure 7-6 and Figure 7-9 while the successful call completion rate above 
70° latitude is not 100%, the connection probability is. The Globalstar system does not 
provide continuous satellite coverage above 70° latitude, therefore calls may not be 
completed because the terminal loses connectivity with the satellite.
Figure 7-10 and Figure 7-11 show the optimum satellite call completion probability maps 
for TESs at 0° latitude in the two systems. The Globalstar system has a noticeably smaller 
area at 0° latitude due to the lower mean elevation angle of the highest satellite around 
this latitude (as shown in Chapter 2). Although the same is true of the ICO mean elevation 
angles around these latitudes, the 100% area at 0° latitude appears to be as large as the 
100% area at 40° latitude. This is because the mean elevation angle of the highest satellite 
between 0° and 40° latitude is higher than between 40° and 80° latitude, which results in a 
larger 100% connectivity area. This is explained further in the next section.
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Figure 7-10 ICO Call completion rate 
without loss of connectivity with TES 
at 0°latitude
Figure 7-11 Globalstar Call 
completion rate without loss of 
connectivity with TES at 0° latitude
Shown in Figure 7-12 and Figure 7-13 are the call completion rates without TES 
handover against distance (averaged over azimuth) from TESs at 0°, 20° and 40° latitude.
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Figure 7-12 ICO TES handover probability vs 
distance.
Figure 7-13 Globalstar TES handover vs 
Distance.
The characteristics of the graphs can be explained by relating them to the average 
elevation angles shown in Chapter 2 at the given latitude, and by the discussion in the 
next section.
7.7 Secondary and tertiary satellites
So far in the discussion only the satellite with the highest elevation angle to the mobile 
terminal has been considered. However, both satellite constellations being analysed here
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provide significant levels of multiple satellite visibility in an attempt to increase the 
quality and availability of service to the user (as shown in Chapters 2 & 4).
Neither of the systems provide 100% visibility to secondary and tertiary satellites over the 
complete latitude range, therefore any call on either of these satellites has a probability of 
being terminated due to the satellite going below the minimum elevation angle of the 
terminal. Therefore, when evaluating the call holding probability area around a TES the 
mobile can lose connection with the TES due either to the satellite losing connectivity 
with the terminal, or the TES. This analysis is concerned only with the probability that the 
terminal will lose connectivity with the TES due to the loss of connectivity between the 
satellite and the TES, and not with loss of connectivity between the satellite and the 
terminal as the latter is due to the level of satellite visibility offered by the constellation.
The probability of loss of connection between a TES and a satellite that is only available a 
certain percentage of the time can be found by evaluating the probability of call 
completion through the satellite without considering the TES and comparing it against the 
probability of call completion through the satellite to a given TES where connectivity 
with the TES can be broken by the satellite loosing connectivity with the TES or the 
mobile terminal.
!II
Figure 7-14 Probability of losing connection with Figure 7-15 Probability of losing connection with 
satellite during a call (ICO) vs latitude satellite during a call (Globalstar) vs latitude
Figure 7-14 and Figure 7-15 show the probability that a terminal will complete a call 
(mean duration of 120 seconds) successfully through the 2"  ^and 3^ '^  highest satellites. 
When these graphs are compared with the diversity statistics in Chapter 2 it is clear that
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the Globalstar statistics are again affected to a greater degrees due to the shorter satellite 
passes. The results in Figure 7-16 and Figure 7-17, show the probability of successful call 
completion between a mobile terminal and the second highest satellite, this satellite 
provides connectivity over a larger area than the highest satellite.
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Figure 7-16 Probability of TES 
handover from 2nd highest ICO 
satellite (TES @ 0° latitude)
Figure 7-17 Probability of TES 
handover from 2nd highest Globalstar 
satellite (TES @ 0° latitude)
In general, satellites at lower elevation angles will provide a lower percentage 
connectivity to a TES over a wider area than satellites at higher elevation angles. 
Satellites at higher elevation angles can provide a higher percentage connectivity over a 
large area than lower elevation angle satellites. This feature is explained in Figure 7-18. 
Consider TES A, it is clear from the diagram that the highest satellite will provide 
connectivity between TES A and the terminal for a higher percentage of the time than the 
second highest satellite. However, when TES B is considered, the highest satellite cannot 
provide connectivity between the earth station and the terminal due to its limited elevation 
angle range above terminal. Connectivity between TES B and the mobile terminal can 
potentially be provided through the second highest satellite, since the satellite has a much 
lower elevation angle to the mobile terminal, thereby providing connectivity with earth 
stations further away from the mobile. In the ICO case the area covered is significantly 
larger than the Globalstar case due to the large footprint of MEG satellites.
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Figure 7-18 Highest and Second highest satellite connectivity
When Figure 7-16 is examined there appears to be an anomaly in the results at 
approximately 6,500km (±58° latitude) directly above and below the TES. The results 
indicate that the connectivity through the second highest satellite does not necessarily 
decrease as a mobile terminal moves away from the earth station.
Consider the graph shown in Figure 7-19, each line represents the probability that the 2"  ^
highest satellite at a specified latitude is either the F^-2"  ^highest satellite, or the 3^^-12^ 
highest satellite at 0° latitude in the ICO system. From the diversity graphs in Chapter 2, 
in the ICO system it can be deduced that while at 0° latitude a TES always has visibility 
with the two highest satellites, visibility with lower satellites is not guaranteed. Around 
58° latitude the probability that the 2"  ^ highest satellite is the or 2"  ^ highest at 0° 
latitude goes through a local minimum while the 3^ ^^ -12‘^  highest satellite probability 
increases, as visibility to the 3*’‘^ ,4“^ ,5‘'^,..,12‘'^  highest satellites is not guaranteed at 0° 
latitude. This explains why the connectivity results shown in Figure 7-16 fall and rise 
again ai'ound ±58° latitude.
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Figure 7-19 2nd highest satellite relative to a TES at 0° latitude
It is difficult to explain this occurrence as it depends on which plane in the constellation 
the second highest satellite is located and its position relative to the TES.
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Figure 7-20 Probability of no TES handover vs. distance from TES
The graph shown in Figure 7-20 relates to a TES at 0° latitude in the Globalstar system. 
The highest satellite offers the greatest probability of TES connectivity at relatively close 
distances to the TES. As the user travels further away from the TES the probability of 
lower satellites providing connectivity gradually increases. Although lower satellites
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appear to offer a high degree of connectivity with the TES it should be noted that the 
potential connectivity between a lower satellite and a mobile terminal is considerably 
lower than that of the highest satellite.
7.8 User Location Tracking
Due to the dynamic motion of satellites in a non-GEO constellation re-use of the GSM 
approach to location tracking results in a large increase in mobility management 
signalling. To overcome this problem, two location tracking techniques were described in 
Chapter 3. From the results in Chapter 6 it is clear that the most efficient scheme from a 
satellite resource point of view is the dynamic location area. In this scheme mobile 
terminals make a location update after moving a predetermined distance from their last 
point of contact with the network. The size of each user’s location area can be varied to 
reach an optimum trade-off between location updating and paging signalling. This results 
in the location area being positioned relative to the user location and not to any given 
network entity as is the case with GSM. As a result the location area cannot be guaranteed 
to be contained wholly within the coverage area of any one TES, unlike the fixed cell 
technique where location areas can be predefined to exist within the boundary of the TES 
service area[DIN96]. Therefore, in implementing the dynamic location area scheme the S- 
PCN system must evaluate which TESs are suitable to have the terminal registered with at 
location updating time based on their relative location and the size of the location area. It 
is possible to evaluate the probability of a user call being successfully completed without 
TES handover at a given distance and azimuth away from a TES as shown earlier. Given 
that the network has no knowledge of when the next call will arrive for the terminal, and 
therefore where the terminal will be in the location area when the call anives, the 
probability of successful call completion without TES handover must be evaluated over 
the entire location area, which is given by;
J«2;r /.LARI P noTES H andover!^’ P u se r  ( r » ^ y d r d 0  (  • " )
0 = 0  •'r= 0
P t e s  represents the probability that a terminal making a location update will successfully 
complete a user terminated call without losing connectivity with the given TES, at some
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point in time after the location update. The function PuseA^ >^ ) relates to the user’s position 
probability distribution within the location area.
The above function describing Pjes can be evaluated using the Virtual Paging Cell 
method introduced in Chapter 5 and the data shown in Figure 7-8 and Figure 7-9 (for a 
TES at 40° latitude). In this method, at location updating time the location area is divided 
into VPCs and the probability of the user being located in one of the cells some time later 
(e.g. when a mobile terminated call arrives) is evaluated.
Once the probability of the user being in a cell when a user terminated call arrives has 
been calculated, the probability of completing a call without TES handover can be found 
for the centre of the cell from the data in Figure 7-8 and Figure 7-9. The assumptions 
made regarding user mobility in calculating the VPC occupancy probabilities in this 
chapter, are the same as those made in Chapter 5. These probabilities make no assumption 
on the speed, call rate or direction of the user’s motion, however, as shown in the 
previous chapter, when location updating occurs during a call the resulting effect is a 
reduction in the effective location area radius. Therefore, in this analysis location updating 
during a call is not assumed, the impact of this on the results presented here is discussed 
in the conclusions.
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Figure 7-21 Globalstar TES handover rate vs Figure 7-22 ICO TES handover rate vs Pjes- 
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The P t e s  function was evaluated in simulation and compared with TES handover rates for 
various mean call durations in the Globalstar and ICO systems. The parameters used to 
described each mobile terminals’ mobility and call arrival rate are given in Appendix 7.
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Shown in Figure 7-21 and Figure 7-22 are the results for mean call durations of 120, 400 
and 800 seconds. As expected, for a call duration of 120 seconds both sets of results 
demonstrate a close match to the expected result, as the data used to calculate P t e s  was 
based on a mean call duration of 120 seconds. The effect of increasing the call duration is 
a higher than expected TES handover rate. This effect is much more dramatic in the 
Globalstar system, again due to the relatively shorter duration of satellite passes in this 
system. Other location area radii were also simulated, and these results also showed a 
good match to the expected answer.
7.9 TES location updating area
Given that the probability of a call being successfully completed without TES handover at 
location updating time can be evaluated, the size of the area around the TES vlhere a 
mobile terminal can make a location update with a given location area radii and a 
probability P t e s  greater than a specific threshold value, can also be found. This area can 
be referred to as the TES location updating area. The effective service area of the TES is 
larger than the TES location updating area as the terminal may move to any point in the 
location area and make a call successfully, whereas a location update may result in a 
probability less than the threshold for that TES, however the two areas are intrinsically 
linked, since a larger location update area will result in a larger service area.
7.9.1 Primary Satellite
In this section the variation in the size of the TES location update area with future call 
completion probability above a given a threshold range is examined.
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Figure 7-23 ICO TES location updating area vs. location area radius.
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Figure 7-24 Globalstar TES location updating area vs. location area radius.
The results shown in Figure 7-23 and Figure 7-24 relate to a TES at 40° latitude. They 
demonstrate the impact that the size of location area has on the area around the TES 
where a location update with a value of P t e s  above a given threshold can be made. The 
large increase in the TES location update area when the probability threshold is decreased 
from 1 to 0.99 is due to the fact that when a threshold falls to under 1.0 the location area
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is no longer completely bound by the 100% connectivity area shown in Figure 7-9. This 
effectively means that in determining the user’s optimum location area radius the user’s 
position relative to the TES should also be considered as well as the call arrival rate and 
mobility of the user.
7.9.2 Primary and Secondary satellites
The results in the previous section only consider the highest satellite relative to the mobile 
terminal. At location updating time it is also possible to determine the probability of inter 
TES handover from the second, third and subsequent satellites. To reduce the number of 
dimensions in the results in this section, the variations in TES location updating area 
using only a 300km location area radii are examined as this was shown to be a good 
candidate location area size in the previous chapter.
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Figure 7-25 1st and 2nd highest satellites vs ICO TES service area.
Shown in Figure 7-25 is the variation in the TES (0° latitude) location update area size 
with respect to probability of future call completion through the and 2"  ^ highest 
satellite. It can be seen from the graph that for a high (e.g. > 0.95) 2"  ^ highest satellite 
probability threshold the highest satellite probability threshold has little impact on the 
TES service area. However, for lower 2"  ^highest satellite thresholds (e.g. 0.9) the highest 
satellite probability threshold begins to have a larger influence on the location update 
area. The reason for this trend, as explained earlier, is that lower satellites offer more 
connectivity than higher satellites with increasing distance from the TES. Figure 7-26
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shows the location update area for a TES at 0° latitude in the Globalstar system again 
using a location area radii of 300km. In this case the location update area is almost 
completely determined by the probability threshold of the 2"  ^ highest satellite. It is only 
when the 2"  ^ highest satellite probability threshold drops below approximately 0.75 that 
the highest satellite probability threshold begins to have an impact on the size of the TES 
location update area.
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Figure 7-26 1st and 2nd highest satellites vs Globalstar TES location update area
The domination of the second satellite threshold is due to the relatively low availability of 
the second satellite around the 0° latitude region in the Globalstar system. In latitude 
regions where the second highest satellite visibility is more prevalent e.g. 40° latitude for 
the Globalstar system the results show similar characteristics to those for the ICO system 
at 0° latitude.
7.10 TES Selection
The discussion so far has centred around defining a TES service area and combining it 
with the optimized mobility management scheme. In this section a method of allowing a 
mobile terminal to select a TES is described.
GSM allows multiple operators to co-exist by allocating bands of the GSM spectrum to 
each operator. Mobile terminals can detect the presence of an operator’s network by
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scanning the entire GSM spectrum for available networks. Mobile terminals perform this 
operation by searching the BCCH for the presence of a GSM network. The BCCH is part 
of the common control channel group. These control channels are mainly used by 
terminals in idle mode, where user co-operation cannot be guaranteed. Therefore, the 
common control channel group is transmitted with a high power to overcome the lack of 
user co-operation. This approach works well for terrestrial systems, however in satellite 
personal communications based systems, satellites are power limited, therefore only one 
set of common control channels can be effectively supported on each spotbeam. Thus 
TES operators must share the same set of common control channels (managed by the PES 
network), which effectively means that the GSM approach to multiple operators cannot be 
applied to satellite based systems.
However, given that coverage areas of TES will overlap, a method for mobile terminals to 
detect the presence of a TESs such that a user or mobile can select a TES to register with, 
needs to be provided. One way of achieving this is to broadcast the ID of a TES through 
all spotbeams covering its service area.
Two problems are envisaged with this scheme;
1. Due to the dynamic motion of the satellites and the large coverage area of spotbeams, 
TES IDs would be transmitted over areas that are not part of the actual TES service 
area.
2. As described above, satellites are inherently power limited, therefore common control 
channel capacity is at a premium. As more TES are created more CCCH capacity 
would be required to broadcast the IDs.
To find a suitable solution to these problems, consider the two modes of network 
selection in GSM, automatic and manual. Firstly, in automatic mode the network can 
automatically select a random TES from a list of appropriate TESs formed on the 
connection probability calculation described in the previous section. In manual mode, the 
user could request a list of suitable TESs from the network. The network can then 
calculate which TESs are suitable and then signal these back to the terminal. The user can 
then select a TES and attempt to register with it. These two services could easily be 
supported by the PES network. This method of TES selection addresses each of the
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problems associated with GSM broadcast technique described above, while still providing 
the same level of flexibility in network selection as GSM currently does.
7.10.1 GSM Integration Signalling Issues
In Chapter 3 the GSM A interface was highlighted as the preferred integration scenario. In 
this section the messages passed across the A interface during paging and location 
updating sequences are examined for incompatibilities with the satellite paging and 
location updating procedures.
During the paging process, messages received by the BSS from the MSC can contain 
either the full IMSI or the TMSI of the terminal to be paged. The use of the TMSI is 
preferred as it is smaller and it does not compromise user security. Using the GSM TMSI 
to page a terminal currently roaming in the satellite network can potentially cause more 
than one terminal to respond to a paging message. As multiple TES have to share one set 
of common control channels, more than one TBS will be signalling paging messages 
through one paging channel. As the GSM TMSI has no fields in it that uniquely identify 
the network or the VLR associated with it, confusion will occur if two terminals have the 
same TMSI but are registered at different TES that have overlapping satellite service 
areas. A possible solution to this problem would be to use the IMSI to page the terminal 
as this is a unique ID, however this would breach user security. To overcome this problem 
the GSM TMSI can be used with an added satellite specific field that identifies the VLR 
to which the TMSI corresponds. A new Satellite TMSI (STMSI) structure applicable to 
the dynamic satellite environment smaller in size than the IMSI, is shown in 
Table 7-1.
Field Octets
GSM TMSI 4
VLR ID 1
Total 5
Table 7-1 Proposed STMSI structure
Only VLRs that have a TES associated with them require a VLR ID, and the ID can be 
reused by VLRs that are separated by a distance large enough to make it impossible for 
the same mobile terminal to receive a paging message from both. When a terminal 
location updates into a new VLR area, it would receive the VLR ID from the TES. To
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minimise changes in the GSM network, at paging time the TES should add the VLR ID to 
the GSM TMSI in the paging message received from the MSC. A further issue associated 
with A interface integration is the use of GSM VLRs to store the location information of a 
mobile terminal currently registered in a TES service area. Each user registered in a VLR 
has a record containing information pertaining to the location area they are currently 
registered in. Shown in Table 7-2 is the structure of this record.
Field Octets
Country Code 1.5
Network Code 1
Location Area Code (LAC) 2
Table 7-2 GSM location area ID structure
Given that the LAC is only 16 bits and is not unique for every user registered in the 
network, and that it is used by the MSC to identify which BTSs form the location area, it 
cannot be used to store the longitude, latitude and radius associated with a mobile 
terminal registered in the satellite environment. Two possible solutions to this problem 
are;
1. The LAC length can be extended to allow the longitude, latitude, radius and a flag to 
indicate satellite location information.
2. The TES can be represented by a pseudo location area code (i.e. GSM sees the TES as 
having only one location area). Given that the location area id and the TMSI can 
uniquely identify any GSM terminal in the world, the TES can translate the GSM 
location area ID and TMSI to the appropriate STMSI, longitude latitude and radius 
stored in an internal database.
This first solution will require modification to the location area registers of the PLMN 
with a TES integrated on the A interface and potentially to other networks that have 
roaming agreements with the GSM network. The second solution does not involve any 
modification to the GSM network, and requires only that each TES be identified by a 
location area code. Therefore the second solution is preferred.
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7.11 Conclusions
In this chapter the GCA approach to call routing a dynamic satellite personal 
communications network was outlined. The GCA method was shown to prevent the 
mobile terminal from using the highest satellite a significant proportion of the time, at 
certain distances from the TES. Consequently, the optimum satellite connectivity area was 
defined as the area around the earth station, where the satellite with the highest elevation 
to the mobile terminal will provide connectivity to the TES. TES handover probabilities 
for TES at various latitudes for a typical mobile call length distribution were presented. 
The connectivity provided by the second highest satellite was analysed and at lower 
connectivity probabilities were shown to provide connectivity with a TES over a larger 
area than the highest satellite
A method of calculating the probability of a future user call requiring TES handover for a 
given size of dynamic location area radius at location updating time was illustrated. 
Results demonstrated the effect of longer mean call durations on the accuracy of the 
algorithm.
The effect of in-call position update will result in a successful call completion rate higher 
than that given by the current algorithm. This happens because the effective location area 
size is reduced as the terminal is less likely to reach the boundary of the location area 
where connection probabilities with the TES are likely to be less. To include call rate in 
determining the call completion probability at location update requires several changes to 
the algorithm described here. Firstly, a more complete user mobility profile specifying 
user speed and call rate distributions is required. Secondly, the call completion data sets 
must be extended, such that each point in the data set consists of a series of times 
representing periods of connection and no connection with the TES. Here, again, 
repetitive ground track constellations can provide simplifications as the series of 
connection and no connection periods will repeat over a known time. Given this 
additional data, at location updating time the cell occupancy probabilities and call 
completion probabilities can be evaluated based on the call rate and mobility of the user. 
This extension to the algorithm is left for future work.
The variation in size of the area around the TES where a terminal can make a location 
update with a probability of no future in-call TES handover being required above a certain
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threshold value for a given location area radius was shown. These results indicate that a 
small location area radius (e.g. 100km) is preferable. However, from a satellite resource 
point of view, the results in Chapter 5 indicate that a radius of approximately 300km is 
optimal. So it appears that efficient use of satellite resources will have a significant 
impact on the size of a TES service area. The scale of this impact can be minimized by 
reducing the threshold probability for TES in-call handover or by reducing the location 
area size to a non-optimal value when required.
The results were extended to include the second highest satellite. It was shown that 
second highest satellite connectivity can have a large impact on the TES service area, 
depending on the level of satellite visibility offered by the satellite constellation around 
the TES.
The results presented on TES service area can be interpreted in different ways depending 
on the network architecture and the ownership of TES. Consider firstly the case where 
each operator owns an earth station. It would be envisaged in this scenario that inter TES 
handover would not be supported without in-call TES handover agreements between 
operators. Therefore, operators of TESs would wish only to have users remain registered 
at their TES while the probability of any future call being completed without handover to 
another TES is high. The second scenario considered is where all the TESs are owned by 
one operator or where in-call TES handover agreements exist. In this case the results 
could be used to reduce handovers by registering the mobile terminal at the optimal TES 
with an appropriate location area size at location updating time.
In a multi-operator network a method of allowing a user to select a TES to register with 
was proposed that does not result in the inefficient use of satellite resources. This 
technique involves moving the operator detection and selection functionality found in a 
GSM terminal into the PES and TES network. Finally, techniques of seamlessly 
integrating the new TES service area approach combined with the optimized dynamic 
location area into the GSM A interface were discussed.
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CHAPTER 8
Conclusions and future work
This thesis has analyzed mobility management related issues in a GSM and non- 
geostationary satellite integrated mobile communication system. The impact of the 
following on mobility management procedures was analysed;
1. Satellite constellations.
2. Network architecture.
3. Satellite fading channel.
4. Paging protocols.
5. Location update protocols.
6. Service area definition.
The design techniques used in forming the first generation satellite PCN constellations, 
where presented. The coverage statistics of each system’s satellite constellation were 
presented and discussed. Subsequently, a new LEO satellite constellation called Deligo 
was presented. Deligo contains a similar number of satellites as current first generation 
LEO constellation proposals, but offers a higher level of satellite visibility. Furthermore, 
Deligo has a repetitive ground track which can simplify networking, mobility and 
resource management procedures.
As a typical second generation digital PCN, GSM provides a network architecture 
definition which is beneficial to employ in a satellite based PCN. A description of the 
mobility management signalling procedures for location updating and call routing were 
given. Equivalent entities in the ground segment of an S-PCN network were highlighted. 
The integration of these network entities into the GSM network was discussed, and
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subsequently the A interface was identified as being a good solution for the integration 
between GSM and S-PCN networks.
Due to the motion of non-GEO satellites re-use of the GSM location area definition is not 
suitable for power and bandwidth limited S-PCN. Therefore, two new location area 
definitions were presented. These are the dynamic and fixed location areas. In particular, 
the dynamic location area is an extremely good candidate solution for the following 
reasons;
1. It minimizes the ping-pong effect.
2. It inherently caters for the potentially wide mobility range of different users in S-PCN.
Paging and location update signalling are the major sources of mobility management 
signalling. Therefore is it essential to minimize the impact of these signalling’s in a S- 
PCN. Firstly, the sources of paging redundancy in non-geostationary constellation were 
investigated. Subsequently, the use of virtual paging cells to attribute paging success 
probabilities to spotbeams, followed by the application of a spotbeam probability 
threshold to select spotbeams for the first paging step. The results showed that the first 
step paging load could be significantly reduced without having a major impact on the 
success rate. In order to verify these results a mathematical model to evaluate the first 
paging step load and success rate was presented and evaluated. The results from the semi- 
analytical approach showed a good match when compared with the simulation results. 
Due to the statistical variation in the level of spotbeam coverage with different location 
area radii, the spotbeam probability threshold that results in the minimum paging load in a 
two step paging process was identified for various radii, using the Globalstar system as an 
example. These results indicated the paging load in this system could be reduced by up to 
55% depending on the size of the location area.
As the second source of significant MM signalling, the location update signalling load 
was analyzed. An analytical formula was derived to give the dynamic location area update 
rate for a mobile with a given speed and call rate. Given the fact that mobile terminals can 
update their position during calls, the location update rate can be significantly reduced. 
However, when a mobile terminal’s call rate drops below a certain call rate for a given
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v/r, the fixed location area yields a lower location update rate than the dynamic location 
area.
To evaluate the performance in terms of load and delay of paging and location update 
procedures, the effect of the mobile satellite channel was considered. The channel consists 
of two states, the good and the bad. In the good state the received signal strength follows a 
Ricean distribution, while in the bad state it follows a Rayliegh distribution with a log­
normal varying mean. Due to the limited power available, communication while in the 
bad state can not be relied upon. To overcome this restriction, two of the first generation 
satellite constellation proposals (ICO and Globalstar) provide varying degrees of dual 
satellite visibility to reduce the probability that all satellites will be in the bad state. For 
this method to realize a gain in service availability it is important that the two satellite 
channels are not correlated. To this end, fish eye images were taken in England and 
downtown Los Angeles, to evaluate the blockage correlation of two satellites separated by 
a given azimuth and elevation angle. The fish eye images can also yield the variation of 
blockage with elevation angle. In fact, the blockage data extracted from the fish eye 
images matched well with results from previous satellite channel characterization 
campaigns. The results were then applied to the ICO and Globalstar constellations to 
reveal that over a large portion of the latitude range the blockage correlation was 
relatively low. However, above 60° latitude the correlation of both systems increases, due 
to the structure of the satellite constellations. In general the ICO constellation was shown 
to provide visibility to the two highest satellites a larger percentage of the time than the 
Globalstar constellation.
Following this analysis the impact of the satellite fading channel for both paging and 
location updating procedures was analyzed. Using the assumption that blockage would be 
the major cause of lost paging messages in the channel, and the fact that blocked and LOS 
states have a negative exponential duration, the paging repeat time was optimized to 
provide a good success rate in the hostile urban environment while not causing any 
redundancy in the more benign highway environment. The paging re-try time was 
combined with the spotbeam probability threshold scheme and used to analyze the overall 
paging performance of three satellite paging schemes, Optimum, Dual and Hybrid, in the 
two different environment types, using the ICO constellation as an example. The Hybrid
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paging scheme appears to be a very good candidate scheme as it provides low paging 
delays and loads in both types of environment. As far as the spotbeam probability 
threshold is concerned, a threshold that results in a 5% decrease in the first paging success 
rate in the highway environment was found to provide a good compromise between 
paging load and delay. The paging results were used as inputs to later work on location 
update signalling.
Another important parameter besides paging and location updating load is delay. For this, 
simulation of the layer 2 location update signalling of the channel was performed using 
the ICO constellation as an example. Use of a SAW protocol resulted in signalling delays 
longer than those found in the GSM system, however implementing the SRT ARQ 
scheme, with a window size of 2 resulted in signalling delays equivalent to those in GSM. 
Subsequently, the total load of the location updating signalling was evaluated. These 
results were then combined with results from the previous chapter on paging signalling, 
and used to arrive at an optimum location area radius based on a user’s speed and call 
rate. The results showed that the dynamic location area approach offered significantly 
lower mobility management signalling loads than the fixed location area approach, 
although, signalling increases due to the application of a non-optimum location area 
radius were less for the fixed location area scheme. However, very large errors (e.g. 
+550km) are required before the dynamic location area scheme signalling loads start to 
approach those of the fixed area scheme. In conclusion, location area radii around 250km 
and 350km appear to result in the minimum mobility management signalling load for the 
dynamic location area. Radii around 500km are optimum for the fixed location area 
scheme. Although these results are based on a TDMA S-PCN system, the methods used in 
optimizing the MM signalling procedures are equally applicable to a CDMA S-PCN 
system.
To aid the integration of S-PCN with GSM it is important to define the TES service area. 
The definition of TES service area in a non-GEO satellite system is far more complex 
than the equivalent definition in the terrestrial case. An accurate definition which avoids 
TES handovers and does not compromise the quality of service offered by the satellite 
constellation, is essential. A previously proposed scheme for defining the service area was 
described. However, this scheme was shown to significantly restrict the mobile terminal’s 
use of the highest elevation satellite. This has the effect of degrading the performance of
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the satellite constellation. Subsequently, a new definition based on the highest satellite 
connectivity was presented. This definition was then extended to include the call length of 
a mobile terminal, in order to obtain in-call TES handover statistics. The difference 
between the LEO and MEG orbit here was quite significant. Due to the longer satellite 
pass times in a MEG orbit, loss of connectivity during a call was significantly less than 
found in the LEG orbit. The definition of the service area was then extended to also 
include the second highest satellite. These results showed that at large distances from the 
mobile terminal to the TES connectivity was more likely to be provided by the second or 
third highest satellite. The service area definition was then combined with the dynamic 
location area approach to mobility management. A technique that allows a TES to 
evaluate the probability of a future in-call TES handover based on the user’s current 
location and location area size was described. Subsequently, the variation in the size of 
the area around a TES where a mobile terminal can make a location update with a given 
location area radius, and have a probability of no future in-call TES handover above a 
threshold value, was presented. The results showed that the location updating area around 
the TES could be significantly effected by the location area size and the probability 
threshold required. The results were then extended to include the second highest satellite. 
These results indicated that the second highest satellite probability threshold has a larger 
impact on the location updating area than the highest satellite.
Given restrictions regarding common control channels on a satellite, a method of allowing 
a mobile terminal/user to select a TES to be registered with was described. This technique 
avoids broadcasting the IDs of TES over their service areas, as this can lead to inefficient 
use of satellite resources.
Finally, issues regarding the integration of the service area definition and the optimized 
mobility management with GSM were discussed. It was shown that the structure of the 
fields in a VLR would require modification for use in an S-PCN. However, as the S-PCN 
system has its own access network it is possible to map the fields stored in a GSM VLR to 
the appropriate user information stored in the satellite access network. This permits the 
seamless integration of the preferred dynamic location area MM technique within the 
GSM network.
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In conclusion this thesis has demonstrated the impact of the satellite constellation,
spotbeam configuration, network architecture and satellite fading channel on mobility
management procedures in a non-GEO S-PCN system.
Future work is envisaged in the following areas;
1. The Deligo and Globalstar constellations differ from others discussed as they do not 
offer complete global coverage. Future work in this area could involve the use of 
neural networks or genetic algorithms to arrive at satellite constellations optimized to 
give certain levels of coverage over given areas of the earth with the minimum 
number of satellites.
2. The satellite blockage correlation coefficients analyzed in Chapter 4 could be included 
in an intelligent paging scheme, where the second highest satellite is only paged 
through if its elevation and azimuth angle difference from the highest satellite is 
greater than, for example 30°.
3. Development of a more complex user mobility model, including speed and call rate 
distributions.
4. Extending the proposed intelligent paging scheme and TES service area definition to 
include user call and mobility patterns.
5. Given full user and mobility patterns, signalling load increases due to non-optimal 
location area radii can be properly analyzed. Subsequently, a complete comparison 
between the fixed and dynamic location areas can be made.
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Appendix 1 Link budget and TDMA frame structure
This appendix gives an example of up and down link budget calculation for the ICO 
system. The budgets give the realistically achievable Ey/No, that paging and location 
update simulations in Chapters 5 and 6 must not exceed.
Down link
Param eter Value
Carrier frequency 2.2 (GHz)
Satellite transmit power lo w  (peak)
Satellite antenna gain 32 (dB)
Satellite EIRP 42 (dB)
Free Space Loss -182.5 (dB)
Boltzmans Constant 228.6 dBW/Hz/k
Terminal Antenna G/T -24 dBK
Modulator losses -1.5 (dB)
Data rate -45.56 dB (36,000 bps)
Eb/No (uncoded) 17 (dB)
Eb/No (coded V2 rate , k = 7) 20.8 (dB)
It appears that approximately 10.2dB of link margin over Gaussian channel requirement is 
provided without coding. This can be increased by 3.8dB using coding. The Eb/No 
received at the edge of spotbeam coverage is reduced by 3dB.
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Up link
Parameter Value
Carrier frequency 1.6 (GHz)
Terminal transmit power 3w (peak)
Terminal antenna gain O(dB)
Terminal EIRP 4.77 (dB)
Free Space Loss -179.7 (dB)
Boltzmans Constant 228.6 dBW/Hz/k
Satellite Temperature 25 dBK
Satellite Antenna Gain 31.47 dB
Satellite Antenna G/T 6.47 dBK
Modulator losses -1.5 (dB)
Data rate -45.56 dB (36,000 bps)
Eb/No (uncoded) 13.01 (dB)
Eb/No (coded Vi rate , k = 7) 16.81 (dB)
Using a peak transmit power of 3w in a burst the average power transmitted of the 
duration of a TDMA frame is 0.5w.
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Appendix 2 Fish eye Image correlation data extraction
This appendix describes the algorithm to extract the correlation coefficient from a fish eye 
image for two satellites at 0i and 02 degrees elevation angle and separated by ^ degrees in 
azimuth. The arrays x[n] and y[n] contain a list of the x and y coordinates of the line (in 
degrees and azimuth angle) that represents the edge of the buildings in the fish eye image. 
Also N represents the number of elements in the x and y arrays.
1. Initialize two boolean arrays Sati and Sati with 360 elements, each element should be 
set to true (blocked).
2. In this thesis azimuth angle values were rounded to the nearest integer value in 
degrees. For each azimuth index in the Sati and Satz arrays, all occurrences of the 
elevation angle of blockage are found in the data sets x[n] and y[n]. Linear 
interpolation is required as the data sets are unlikely to contain points at integer values 
of azimuth. Upon each occurrence of blockage at the given azimuth angle value, if the 
elevation angle of the blockage is less than the elevation angle of the satellite then the 
state of the Sati array variable pertaining to the azimuth angle being considered is 
inverted.
3. Step 2 is performed using the elevation angle of the second satellite, and substituting 
Sati array for Sati. The elements in the Sati array are then rotated by a number of 
elements equal to the azimuth separation angle between the two satellites. 
Subsequently, the correlation coefficient between the two arrays is found.
Toggling the state of elements in the Sati array is required, to account for bridges and the 
fact that at high elevation angles buildings spread in azimuth to give a curved effect. The 
above algorithm works well when the data sets x[n] and y[n] start and end at 0° and 360° 
azimuth respectively.
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Appendix 3 Virtual Paging cells creation algorithm
For a location area of area LAarea split into Ntotai virtual paging cells (VPC), the average 
VPC area is;
VPCaverage area “  LAarea /  Ntotai
The first VPC is central in the location area, with an earth centered angle of Pcentrai vpc:
PcentralVPC”  COS ( 1 ~ VPCaverage a r e a / ) )
The earth centered angle of the rings is calculated by approximating the area of each VPC 
in a ring to;
vpCa„a = Fu^e"
Where Re is the average radius of the earth and 0 is the earth centered angle of each side 
of the square intersected with the sphere in radians. The earth center angle of each of the 
rings is;
OC =  Paings /  c e i l  (Paings /  0 )
Where pRings is;
LA.R /  Rg - Pcentrai VPC
Foi l^Rn<NRings5
VPCring(Rn) = floor( Ringarea(Rn) / VPCaverage area)
F o r  R n  — N a i n g s i
NRingS —1
VPCiing(Rn) =  Ntotai - 1 -  ^  VPCring(R)
R=1
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The two earth centered angles (P,0) that define the center of each VC from the center of 
the location area are given by;
P — Pcentrai VPC (K-n " 0.5) Ot
0 =  (2Tt/ VPCring(Rn))Cn
Where C„ is the VPC number in ring Rn. The P,0 offset from the centre of the the location 
area at longitude(longi) and latitude(lati), is converted in to a destination longitude 
(longz) and latitude(lat2) using azimuth equations shown below.
di = ReSin(p), dz = d|Sin(0) 
d] = d2 Cos(li), d4  = ReCos(P) 
dg = d4Sin(lati)
I2 =  S i n - ‘( ( d 5 + d 3 ) /R e )  
lat2 = Sin'‘(Sin(P)Sin(a)Cos(lat]) + Cos(P)Sin(lat,))
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di = 2ReSin(p/2)
dz = 4R^^Sin^(P/2) - R,'"(Sin(l2)-S in (l,))‘
d] = Re(Sin(lat2 )-Sin(lati) 
d4  = ReCos(lati) 
ds = ReCosClati)
cc -  C O S * d4 + d5 ~  d2 2d4d5
Of =  cos~l
substituting gives ;
cos(y8)—Sin(lat  ^)Sin(lat ^  ) 
Cos(lati)Cos(lat2 )
long2 = a  + longi
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Appendix 4 Paging signailing simuiation parameters
This appendix gives the remaining parameters for the paging simulations in Chapter 4 that 
are not specified in the main body of the text.
Section (a)
Parameter Value
Constellation update time 7 seconds
Simulation time 24 hours
Number of terminals 4000
Call arrival 1.2 calls/hour
Mobile speed 50-150km/hr
Bounding latitude 15°-50°
Bounding longitude 0°-80°
Section (b)
Parameter Value
Satellite constellation ICO
Number of spotbeams 163 (pattern b)
Average Eb/No in beam As identified in Chapter 4
TDMA frame As identified in Chapter 3
TDMA burst structure As identified in Chapter 6
Constellation update time 7 seconds
Simulation time 24 hours
Number of terminals 4000
Call arrival 1.2 calls/hour
Mobile speed 50 km/hr 
(unless otherwise stated)
Bounding latitude 20°-50°
Bounding longitude 0°-80°
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Appendix 5 S-PCN Location update signaling
This appendix describes the S-PCN location updating sequence. The signalling exchange 
is based on the GSM Layer 3 [GSM04.08] location update. Changes to the signalling 
exchange required for the S-PCN environment are highlighted and explained. All lengths 
specified are given in octets.
Channel request
This message is sent by the mobile terminal to the PES on the RACH.
Information Field GSM Length SPCN - length
Random reference 5/8
Establishment cause
TES ID * 1
Total Octets 2
TES ID
This field is not required in GSM as every point in the service area is associated with one 
BSS only. However in a non-GEO S-PCN earth stations can have overlapping service 
areas. 256 TES’s can be supported using one octet.
Immediate Assign
This message is sent by the PES to the mobile terminal on the AGCH to inform the 
mobile terminal of the SDDCH that has been allocated to it.
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Information Field GSM Length SPCN - length
Protocol Discriminator 2 2
Page mode 1/2 V2
Channel description 3 3
Request Reference 1 1
Mobile Allocation 1-9 0
Starting time 3 0
Total octets 7
Location update request
This message is sent by the mobile terminal to a TES on the newly allocated SDDCH.
Information Field GSM Length SPCN - length
Protocol Discriminator 2 2
Location updating type 1 1
Cipher key sequence number 1 0
Location area identification 6 8*
Mobile station classmark 2 2
Mobile identity 5..9 5'
Total octets 18
Location area identification
This information field identifies the users location. An accuracy in position to 6km can be 
achieved using 2 IEEE float point numbers to represent latitude and longitude.
Cipher key sequence
This information allows the exchange of the ciphering key Kc without the need for 
authentication. For the signalling exchange being considered here authentication is used, 
therefore this information field is used in a later message.
Mobile Identity
GSM allows this field to contain either the IMSI,TMSI or IMEI. In this signalling 
exchange it is assumed that the TMSI is used.
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Authentication request
The message is sent by the TES to the mobile to initiate the authentication procedure.
Information Field GSM Length SPCN - length
Protocol Discriminator 2 2
Ciphering key sequence number Vi V2
Authentication parameter RAND 16 16
Total octets 18.5
Authentication Response
The message is sent by the mobile to the TES to complete procedure.
Information Field GSM Length SPCN - length
Protocol Discriminator 2 2
Authentication parameter SRES 4 4
Total octets 6
Cipher Mode Command
The message is sent by the TES to the mobile to initiate ciphering in the air interface.
Information Field GSM Length SPCN - length
Protocol Discriminator 2 2
Cipher mode setting 1 1
Total octets 3
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Cipher Mode Complete
The message is sent by the mobile terminal to the TES to acknowledge the fact that 
ciphering is now enabled on the air interface
Information Field GSM Length SPCN - length
Protocol Discriminator 2 2
Total octets 2
Location update accept
This message is sent from the PES to the mobile to indicate that location updating in the 
network has been completed.
Information Field GSM Length SPCN - length
Protocol Discriminator 2 2
Location area identification 4 4
Mobile identity 5 5
Total octets 11
TMSI reallocation complete
This message is sent by the PES to the mobile to indicate the new TMSI is now allocated. 
This message is usually combined with the previous message
Information Field GSM Length SPCN - length
Protocol Discriminator 2 2
Total octets 2
Channel release
This message is sent by the PES to the mobile to initiate deactivation of the DCCH.
Information Field GSM Length SPCN - length
Protocol Discriminator 2 2
RR cause 2 2
Total octets 3
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Appendix 6 Location update signaling simulation parameters
This appendix outlines the additional parameter used in the location update signalling in 
Chapter 6.
Parameter Value
Satellite constellation ICO
Constellation update time 7 seconds
Simulation time 24 hours
Number of terminals 4000
Location update rate 2 updates/hour
Mobile speed 50km/hr
Bounding latitude 15°-50°
Bounding longitude 0°-80°
Random Access Collision rate [XHE96] 0.02
Layer 3 Processing delays
The table below gives the layer 3 message processing delays used in the location updating 
signalling simulation. The delays have been arrived at using recommendations for 
processing delays in [GSM02.08] and [GSM03.05].
Message Terminal 
processing 
delay (ms)
FES 
processing 
delay (ms)
Channel Request -10
Immediate assign -10
-500Location update request
Authentication request -200 m
Authentication response -20
Cipher Mode Command -40
Cipher Mode Response m m  # -40
Location update accepted -50
TMSI realloc complete -20
Channel release -10
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Appendix 7 TES Handover simuiation parameters
This appendix describes the simulation parameters used in evaluating the TES handover 
calculation algorithm.
Number of Users 20000
Direction of travel Uniform between 0 and 27t
Speed 100-150 km/h
Location Area Radius 200km
Call Arrival Rate/user 1.2 calls/hr
Simulation Time 24 hours
TES Position 40° lat. 0° long.
FES data cell size -1600km^
VPC size ~300km^
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